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ABSTRACT 
 
Soybean [Glycine Max (L.) Merr.] yield increases per hectare have been slow in the 
past decade, raising the need to evaluate management decisions and identify yield limiting 
factors. Time of planting, row spacing, seeding rate, variety selection, and management of 
soilborne pathogens, specifically soybean cyst nematode (Heterodera glycines, SCN), were 
identified as critical components for achieving high yields. Studies were conducted between 
2004 and 2006 near De Witt, Nevada, and Whiting in eastern, central, and western Iowa, 
respectively. At each location 4 ha were fumigated in the fall with the fungicide/nematicide 
Telone C-35 and 4 ha were not fumigated. In the spring, four studies that consisted of the 
variables planting date, row spacing, seeding rate, and variety, were established in different 
combinations in both fumigated and non-fumigated soil conditions.  
Soil fumigation was used as a tool to study interactions between agronomic practices 
and soilborne pathogens. Soil fumigation increased yield 200 to 300 kg ha-1 and increased the 
yield responses from early planting and for specific varieties. Agronomic decisions lay the 
foundation for achieving high yields. High-yielding varieties will not improve yields if 
agronomic practices are not managed correctly. Planting the last week of April rather than 
the second week of May increased yield 87 to 342 kg ha-1 depending on location. Narrow 
row spacing (38 cm) increased yield by 302 kg ha-1 compared to wide row spacing (76 cm). 
Yield of varieties susceptible to SCN were competitive in fields with low SCN population 
densities, but were quickly outpaced by SCN-resistant varieties as SCN population densities 
increased. Modern varieties are extremely productive, but must be matched to field 
conditions and properly managed throughout the season. Modern varieties must be 
 x
continually challenged with proven agronomic decisions to ensure future yield advances. The 
outcome of this work can be summarized very simply. To increase soybean yields: 1) select a 
high-yielding variety to match field soilborne pathogen populations, 2) plant that variety 
early, 3) plant that variety in narrow rows, and 4) reduce the seeding rate for that variety. 
These simple practices will increase yield, reduce production costs, and improve profitability. 
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Chapter 1. GENERAL INTRODUCTION 
Introduction   
Soybean [Glycine max (L.) Merr.] production in Iowa began in the early 1900’s and 
has expanded to more than 4 million hectares today. Stagnating yields, increasing insect and 
pathogen problems, and increasing production costs have all contributed to the viewpoint that 
soybean is no longer a low cost, high-value crop. Soybean is an important crop in Iowa and 
demands from the human food market, livestock feed market, and the renewable energy 
market will provide continued demand for soybean. This demand will have to be met through 
increased yields as production acreage cannot increase. Management practices at the farm 
level can play a foundational role in achieving greater yields and meeting market demands.  
Maximum soybean yield is determined by the genetic potential of a specific variety. 
The realized yield potential is a function of the interaction between a variety and the factors 
that influence crop growth during the season. The goal of every management decision is to 
enhance that interaction in a way that positively influences plant growth during critical 
phases of yield development. Agronomic decisions are chosen to create environmental 
conditions that influence the timing of reproductive phases of development, maximize light 
interception, crop growth rate, biomass accumulation, and yield development. Soilborne 
pathogens negatively influence crop establishment, limit crop growth, and may reduce the 
advantage of specific agronomic decisions. Variety resistance to the major yield-limiting 
pathogens will reduce yield loss; however, that yield does not necessarily reflect the yield 
potential of that variety, or the environment, in the absence of pathogens. Soil fumigation 
was used as a tool to reduce soilborne pathogen populations in an attempt to increase the 
yield potential of an environment, to measure the negative influence of soilborne pathogens, 
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and to determine if soilborne pathogens change the response to production practices. This 
research will evaluate soybean production systems and grain yield as the result of a set of 
complex interactions between environment conditions, influence of soilborne pathogens, 
variety, and production decisions.  
Thesis Organization 
This thesis is organized into seven chapters. Chapter 1 begins by outlining the history 
of soybean research and the current knowledge of soybean yield trends, soybean physiology, 
soybean growth and development, soilborne pathogens, and agronomic decisions. There is a 
wealth of knowledge concerning the production of soybean that has mainly focused on the 
main effects for agronomic decisions, physiological responses, and pathogen management. 
The interactions that exist among these sciences must be researched, described, and 
integrated to provide a clear picture of current yield trends, limitations, and identify the 
direction for future advances. Chapters 2 and 3 focus on the time of planting. Past research 
documents that soybean responds to early planting date, however, soil and air temperatures 
may inhibit early planting. Research must clearly document that there is a benefit from early 
planting if producers are going to accept the potential risks. These chapters address the issue 
of seeding rate and variety selection for early planting dates. Current seeding 
recommendations are based on mid-May planting dates and these seeding rates may not be 
adequate for early planting. Variety selection, specifically selection of resistance traits, may 
be important for maximizing the response to early planting.  
Chapter 4 evaluates the importance of row spacing. Currently 50% of the soybean 
acreage in Iowa is planted in wide row spacing (≥76 cm). The introduction of the split-row 
planter allows for both corn and soybean to be produced in their optimal row spacing with 
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one piece of equipment. This type of planter is more costly and research is needed to 
document the potential yield and economic improvement from narrow row systems.  
Chapter 5 deals with the importance of specific variety traits that need to be selected 
for achieving maximum yield. Due to the presence of SCN in Iowa fields, the evaluation of 
SCN-resistance is a major focus of this chapter. There are hundreds of varieties on the market 
for maturity groups I, II, and III that growers can choose. The varieties differ in resistance 
traits and have very different realized yields due to environmental conditions. Information on 
variety traits rather than on specific varieties will be useful as growers select varieties for 
specific field conditions. Chapter 6 summarizes the yield advances that have come from 
soybean breeding and agronomic practices since the 1940’s. This chapter addresses genotype 
by environment interactions and defines variety traits that are important for maintaining yield 
stability across multiple environments. This knowledge is important to soybean producers in 
order to limit exposure to risk. Chapter 7 provides some general conclusions and describes 
the potential impact that this research can have on soybean production in Iowa. This chapter 
also tries to look forward at research questions that still exist.  
These five research chapters will serve as new recommendations for soybean 
production in the state of Iowa and ensure that the fundamental levels of crop management 
are correct, timely, and allow plants to achieve the highest yield potential possible. From an 
academic standpoint, this dissertation will lay the groundwork for future research that 
addresses more complex issues involved with soybean production. However, the most 
important and practical outcome of this work is that it will help the soybean growers of Iowa 
remain productive and profitable. 
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The authors for the five journal papers (chapter 2 through 6) are Jason De Bruin 
(graduate student) and Dr. Palle Pedersen (major professor). Both authors contributed to the 
design of the experiments and were active in plot establishment and data collection. The 
primary author is Jason De Bruin and was responsible for the majority of data analysis and 
writing. 
Literature Review 
1. Yield trends 
Soybean [Glycine max (L.) Merr.] was first introduced to the United States by Samuel 
Bowen in 1765 (Hymowitz and Shurtleff, 2005). While its introduction was initially as a 
forage crop it has become one of the most important oil seeds produced on 70 million acres 
in the United States and approximately one-seventh of that production is located in Iowa 
(National Agriculture Statistics Service, 2007). 
Despite yearly fluctuations, soybean yield has continued to increase over time. 
Between 1924 and 2005 yield increased an average of 28 kg ha-1 yr-1 (National Agriculture 
Statistics Service, 2007). Between 1985 and 2005 the rate was 22 kg ha-1 yr-1. Within the last 
decade it has dropped to less than 10 kg ha-1 year-1. Not only has the average yield increase 
slowed, but there has been greater yield variation among years. The highest yields recorded 
in the scientific literature are above 6 700 kg ha-1 (Cooper, 2003). These studies document 
that it is possible to achieve high soybean yields, but yields reported in the majority of 
research studies rarely reach this yield potential. Yields greater than 6 700 kg ha-1 are rare 
and result only “from favorable confluences of genotype, management, soil type, rainfall, and 
other factors” (Specht et al., 1999).  
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In the context of a known yield maximum the important question to ask is “what 
factors limit the achievement of full yield potential”? There are several possibilities that 
warrant investigation such as environmental changes, introduction of new pests, and 
improper management practices. This question does not have an easy answer considering the 
number of factors that make up the complex yield trait. Interactions between genetics, weed 
management, agronomic practices, pathogen populations, and environment all influence 
soybean yield in a particular year. Yield is only as great as the most limiting factor and each 
year a specific variable may have more influence on yield than another. Managing for 
maximum soybean yield is difficult due to constantly changing limitations. This literature 
review will address the current knowledge of soybean physiology, agronomy, pathology, and 
breeding as they relate to achieving maximum yields.  
2. Genetic improvement 
2.1 Genetic diversity 
Improved yield is a function of both improved plant genetics through breeding and 
modification of the growing environment through agronomic decisions (Specht et al., 1999). 
New varieties are developed from a narrow genetic base (Hyten et al., 2006). Many of the 
varieties in production today began as selections from the three varieties Manchu, AK, and 
Mandarin, that were selected from Chinese plant introductions (Luedders, 1977). The 
varieties that were available by 1981 had been derived from only 50 plant introductions and 
ten introductions constituted 80% of the northern gene pool (Delannay et al., 1983). New 
plant introductions have been used to broaden the genetic base, but the based has remained 
quite narrow (Delannay et al., 1983; Kisha et al., 1998). Major genetic bottlenecks have 
occurred through domestication from Glycines soja, introduction of Asian landraces to North 
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America, and through selective breeding. These bottlenecks, while reducing genetic diversity 
(28%) and removing rare alleles (79%) have not limited genetic yield gains (Hyten et al., 
2006).  
2.2 Genetic gain 
Several papers have been published over the last 30 years discussing yield increases 
from genetic improvement. One of the first studies to test genetic gain was conducted by 
Luedders (1977) with 21 varieties from the maturity groups I through IV ranging in year of 
release between 1917 and 1971. Gain from selection was 0.9% or approximately 19.3 kg ha-1 
year-1. Between the parental lineages beginning with early parents (ex. Manchu and 
Mandarin) to the progeny (ex. Hawkeye and Lincoln) the gain from selection was 26%. For a 
second round of selection to the progeny (ex. Amsoy and Williams) the gain was 16% 
equating to an approximate 15.1 kg ha-1 year-1 yield increase. Other studies have shown 
similar results. Wilcox et al. (1979) tested maturity groups II and III from 1923 through 1974 
and had a maximum yield of 3 383 kg ha-1 and an average yield increase of 11.7 kg ha-1  
year-1. New varieties produced yields 25% greater than the older varieties and yield stability 
was maintained through consecutive breeding cycles.  
Specht and Williams (1984) conducted one of the most extensive studies in Nebraska 
testing 240 varieties released from 1902 through 1977 that included maturity groups 00 
through IV. The average genetic gain for maturity groups 00 through IV was 19.1, 17.4, 13.8, 
29.1, 17.2, and 22.5 kg year-1, respectively. Genetic gain for short season maturity groups 
released between 1932 and 1992 genetic gain was estimated to be 11.1 kg ha-1 year-1 
(Voldeng et al., 1997). Estimates increased to 30 kg ha-1 year-1 when analysis was limited to 
varieties released after 1976. Wilcox (2001) in his review of publicly released maturity 
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groups 00 through IV varieties determined that the average yearly improvement was 21.6, 
25.8, 30.4, 29.3, 30.6, and 29.5 kg ha-1 year-1 for maturity group 00 to IV, respectively. These 
values were slightly higher than the values reported by Specht and Williams (1984).  
2.3 Physiological changes over time 
Reductions in plant height and increased stem strength have reduced lodging, 
improved yield formation, and reduced harvest losses (Boerma, 1979; Luedders, 1977; 
Voldeng et al., 1997; Wilcox, 2001; Wilcox et al., 1979). Newer varieties have better rooting 
depth and water balance (Boyer et al., 1980). Improvement in yield components such as pods 
m-2, seeds pod-1, and seed mass have consistently been linked to yield increases for all MG’s 
(Boerma, 1979; Salado-Navarro et al., 1993; Voldeng et al., 1997). Other studies have 
determined that the length of seed fill duration is longer for newer varieties (Gay et al., 1980) 
and biomass production is greater for newer varieties and result in yield increases (Frederick 
et al., 1991; Kumudini et al., 2001). 
2.4 Genetic gain vs. production gain 
Estimated yearly genetic gains range between 10 to 30 kg ha-1 year-1 and yield gains 
estimated from yearly production averages are 28 kg ha-1 year-1 (1924 to 2005) but only 10 
kg ha-1 year-1 since 1994 (National Agriculture Statistics Service, 2007). Genetic gain studies 
excluded the effect of environment and agronomic by testing all the varieties together in one 
location. Yield gains from production estimates are a function of environment and agronomic 
practices which are often not optimal for maximum yield. The difference between these two 
yield gains in the last decade makes an important point that genetic yield potential is 
probably not the yield limiting factor, but rather the response of specific genetics to the 
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environment and production practices is a limiting factor. The goal of field based production 
practices is to create the most favorable interaction between varieties and the environment.  
3. Soilborne pathogens 
Each variety has a genetic yield potential that can be expressed under stress free 
conditions (Cook, 2000). This yield potential is never fully achieved in a production field and 
yield reductions as great as 80% have been estimated due to the presence of poor 
environmental conditions (Boyer, 1982). A potential growth limitation in Iowa is soilborne 
pathogens. Soilborne pathogens reduce soybean yield every year and may contribute to slow 
yield improvements (Wrather et al., 2003; Wrather and Koenning, 2006). During 2004, yield 
losses from soilborne pathogens in Iowa were estimated to be 3.2 million metric tons with 
soybean cyst nematode (Heterodera glycines Ichinohe; SCN) accounting for 38% of the loss 
(Wrather et al., 2003). Soybean cyst nematode has become a major problem only recently. As 
of 1962, there was no evidence that SCN was present in Iowa fields (Riggs, 2004). By 2007, 
SCN had been documented to be present in all but three of the 99 counties in Iowa 
(http://www.isuscnvarietytrials.info/) (verified 4 March 2007). Even with the introduction of 
resistant varieties, losses from this pathogen cost the state of Iowa approximately 269 million 
dollars. Other pathogens that contribute to yield losses include Phytophthora root and stem 
rot (Phytophthora soja), Sudden Death Syndrome (SDS) caused by Fusarium virguliforme 
(formally called F. solani f. sp. glycines), Sclerotinia stem rot (SSR) caused by Sclerotinia 
sclerotiorum, brown stem rot (BSR) caused by Phialophora gregata, and various seedling 
diseases (Wrather and Koenning, 2006).  
On a state-wide level, it is possible to detect losses from many pathogens; however, 
targeting the locations where pathogen incidence is most prevalent is extremely important as 
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pathogen populations are not spread evenly across the state. This uneven distribution 
indicates that producers in certain areas of the state burden more of the yield loss from 
pathogens and highlights where management could be most beneficial. Random sampling of 
Iowa soybean fields in the mid 1990’s determined that 72% were infested by brown stem rot, 
63% infested by P. sojae, and 74% of the fields infested with SCN (Workneh et al., 1999a).  
3.1 Soybean cyst nematode 
Soybean cyst nematode is a microscopic round worm that infects soybean roots 
(Hartman et al., 1999). This pathogen can survive long periods of time in a protective 
structure called a cyst (dead female). When a host crop, such as soybean, is grown, juveniles 
hatch from the eggs and burrow into soybean roots and establish feeding sites called  
syncytia. Following differentiation into males and females, the female remains localized in 
the root and can produce as many as 300 eggs. A percentage of these eggs will survive to 
following years within the cyst (Niblack, 2005). Damage thresholds as low as 10 to 50 eggs 
100-cm-3 have been reported (Niblack et al., 1992). Increasing population densities have been 
associated with reduced canopy and plant development (Alston and Schmitt, 1987; Fallick et 
al., 2002), reduced water uptake (Fallick et al., 2002; Johnson et al., 1993), and reduced grain 
yield (Niblack et al., 1992; Riggs et al., 2000). Current management practices implemented 
to control this pathogen have been the use of resistance varieties (Chen et al., 2001a; Tylka et 
al., 2007) and the use of extended periods of non-host plants through crop rotation (Chen et 
al., 2001b; Koenning et al., 1995).  
3.2 Seedling diseases 
Phytophthora root rot (Phytophthora sojae), Pythium (Pythium spp.), Rhizoctonia 
(Rhizoctonia solani), and Fusarium (Fusarium spp.) (Hartman et al., 1999) are the major 
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seedling diseases in Iowa that cause seedling damping off and root rots. They occur 
sporadically and losses from these pathogens do not occur every year (Wrather et al., 2003; 
Wrather and Koenning, 2006).  
In a two year study, Rizvi and Yang (1996) identified Pythium spp. and Phytophthora 
soja in 24 to 60% and Rhizoctonia solani in 27% of the sampled fields sampled in Iowa. 
Fusarium spp. were also identified, but occurred less frequently and were identified in less 
than 14% of the fields sampled. Pathogenicity tests indicated that Pythium spp., P. soja, and 
R. solani were the major seedling diseases in Iowa with Fusarium. spp. least common (Rizvi 
and Yang, 1996). Later, Zhang and Yang (2000) collected Pythium spp. isolates from corn 
and soybean seedlings at 73 commercial fields and determined that 85% of the isolates 
collected from either corn or soybean were pathogenic.  
These pathogens differ in the environmental conditions that support seedling 
infection. Rhizoctonia solani tends to be more infective at warmer temperatures and higher 
soil moisture (Dorrance et al., 2003) and plant stand loss due to R. solani can increase with 
application of specific herbicides (Harikrishnan and Yang, 2002). Seedling rot or damping 
off, caused by Pythium ultimum, increases as soil temperature decreases, as soil moisture and 
inoculum load increase (Schlub and Lockwood, 1981), and in flooded conditions 
(Kirkpatrick et al., 2006). The distribution of this pathogen is variable within fields (Griffin, 
1990), and root weight is reduced more when both the pathogen and flooding stress are 
present compared to flooding alone (Kirkpatrick et al., 2006).  
Thirty-nine races of Phytophthora sojae were identified by 1996 (Hartman et al., 
1999) and has increased to 45 races (Abney et al., 1997). Variety selection and use of the Rps 
resistance genes has provided a management option to growers. Use of seed treatments 
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(Apron XL, Allegiance, mefenoxam, and metalaxyl) has helped control this pathogen and 
broaden the spectrum of control for multiple races within a field (Malvick and Grunden, 
2004).  
Crop rotation is a management practice used to reduce the presence of seedling 
diseases. In Iowa, Pythium spp. were more prevalent in a corn-soybean and a soybean-
soybean rotation than in a corn after corn rotation (Zhang et al., 1998). There are soybean 
varieties that have the Rps genes that provide resistance to Phytophthora sojae but due to the 
complex of Phytophthora sojae races that exist in each field, resistance may not be 
completely effective (Malvick and Gruden, 2004). Varieties do not have specific resistance 
traits to Pythium spp., Fusarium spp. or Rhizoctonia spp., but varieties do show a range in 
tolerance to Pythium (Griffin, 1990; Kirkpatrick et al., 2006) and Rhizoctonia (Harikrishnan 
and Yang, 2002).  
3.3 Other soilborne pathogens  
Sudden death syndrome, sclerotinia stem rot and brown stem rot are other diseases 
that occur in Iowa and can reduce yield (Wrather and Koenning, 2006; Wrather et al., 2003). 
 3.3.1 Sudden death syndrome 
Sudden death syndrome was first identified in Iowa in 1993 (Yang and Rizvi, 1994), 
and by 1997 it had spread to fields in eastern, central, and north-central Iowa (Yang and 
Ludeen, 1997). The progression of this disease is controlled by soil temperature and 
moisture. Root symptoms are more severe at cool temperatures, foliar symptoms more severe 
at high temperatures, and symptoms decrease in drier conditions (Scherm and Yang, 1996). 
Yield is negatively correlated with increasing symptom severity and for every unit increase 
in foliar disease index, yield loss ranged between 18 to 29 kg ha-1 (Luo et al., 2000).  Delayed 
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planting can reduce the incidence of the disease (Hershman et al., 1990), but use of resistant 
varieties has proven to be a more beneficial management tactic to decrease disease severity 
and increase yield (Luo et al., 1999; Stephens et al., 1993). 
3.3.2 Sclerotinia stem rot (SSR) 
Sclerotinia stem rot typically infects at nodal points or at flowers, causes water-
soaked lesions that develop mycelium, and eventually sclerotia develop externally on 
diseased plant parts and internally in diseased pith (Grau et al., 1982). Incidence of SSR is 
environmentally dependent occurring in years with cool temperatures and above average 
moisture during flowering with a dense plant canopy. The occurrence of this disease can be 
influenced by agronomic decisions. Narrow row spacing can increase disease severity when 
high seeding rates are used (Grau and Radke, 1984), but other research has shown that row 
spacing has little effect on disease severity (Buzzel et al., 1993; Lee et al., 2005). Reduced 
plant populations can minimize the incidence of SSR (Lee et al., 2005). Use of resistant 
varieties is the most consistent method for reducing yield loss to SSR (Buzzell et al., 1993; 
Grau et al., 1982; Grau and Radke, 1984). Yield reductions greater than 300 kg ha-1 can 
result from 25% disease incidence (Buzzell et al., 1993), and in research by Lee et al. (2005), 
every percent decrease in disease severity increased yield by one percent. 
3.3.3 Brown stem rot 
Brown stem rot causes vascular discoloration of tissue in the stem, reducing transport 
in the vascular system (Hartman et al., 1999). Workneh et al. (1999a) found brown stem rot 
in 72% of the Iowa fields sampled. Incidence of this pathogen has been shown to increase in 
the presence of SCN (Tabor et al., 2003) and high soil fertility (Waller et al., 1992). 
Incidence of BSR is affected by soil type and tillage system, as conservation tillage and no-
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tillage systems had greater incidence of BSR than conventional tillage systems (Adee et al., 
1994; Workneh et al., 1999b). Crop rotation can reduce incidence of BSR and increase yield 
11 to 13% compared to monoculture cropping systems (Adee et al., 1994; Kennedy and 
Lambert, 1981). Resistant varieties are available and can be used to limit disease incidence, 
severity, and yield loss (Adee et al., 1994).      
3.4 Pathogen complexes 
Complexes of pathogens (SCN, SSR, BSR, SDS, and seedling disease) exist in Iowa 
soybean fields and interact to potentially increase the yield reduction associated with their 
presence. The presence of SCN has been linked to increased presence of BSR (Tabor et al., 
2003) and SDS (Hershman et al., 1990; Scherm et al., 1998) regardless of plant resistance to 
either of these pathogens. In connection with soilborne pathogens is the stress that occurs 
from weeds and insects. The presence of SCN has been documented to interact with insects, 
weeds, herbicide injury, and water stress to further reduce yield compared to SCN alone 
(Alston et al., 1991; Browde et al., 1994; Paz et al., 2001; Robbins et al., 1990).  
4. Crop rotation 
Crops are annually rotated to reduce yield losses due to soilborne pathogens. Crop 
rotations have long been known for their beneficial effects on crop yield in terms of nutrient 
cycling and the disruption of disease cycles. Mitchell et al. (1991) reported in a review of 
long term rotation (greater than 50 years) studies that optimal yields are not attained through 
monoculture systems and can only be reached through crop rotation. Other studies have made 
the case that the use of crop rotation minimizes the amount of economic risk to a producer 
compared with a monoculture cropping system (Christenson et al., 1995; Gebremedhin et al., 
1998; Helmers et al., 2001; Mahoney et al., 2004).  
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Four studies that compared similar crop rotations found similar findings that 1) 
maximum soybean yields occur following five years of corn, yielding approximately 8 to 
17% more than continuous soybean production, 2) alternating crops relieves part of the yield 
reduction and in some environments can have yields equal to crops produced following the 
extended rotation sequences, and 3) both corn and soybean are negatively affected by 
extended monoculture production, but the yield reduction is environment dependent 
(Crookston et al., 1991; Meese et al., 1991; Pedersen and Lauer, 2002; Pedersen and Lauer, 
2003). While the results from these rotation studies are quite similar, the explanation for the 
rotation effect is not the same, indicating that there is not a universal explanation. These and 
other studies have all reported a slightly different explanation for the rotation effect that 
include the presence of soilborne pathogens (Meese et al., 1991; Porter et al., 2003; Kurle et 
al., 2001), more favorable soil moisture conditions (Pedersen and Lauer, 2004), reductions in 
SCN population densities (Chen et al., 2001b; Koenning et al., 1995; Sasser and Uzzell, 
1991), and better nutrient cycling (Riedell et al., 1998). In Wisconsin, biomass and leaf area 
index (LAI) both increased as the period between years of soybean production increased. 
Plants were able to maintain leaf area for a greater period of the reproductive phase resulting 
in greater yield (Pedersen and Lauer, 2004). A previous study from Minnesota found that 
crop biomass, following five years of corn production, was not increased, but rather, the 
harvest index (HI) value increased and improved yield (Crookston et al., 1991).  
5. Soil fumigation 
 While crop rotations have helped limit yield loss, it is clear from the research that the 
corn-soybean rotation does not result in maximum yields for each crop compared to 
production of that crop following extended monoculture of the other crop (Pedersen and 
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Lauer, 2003; Porter et al., 1997) or expanded crop and rotation length (Porter et al., 2003). 
Crop rotation is beneficial, but not completely effective for managing soilborne pathogen 
populations such as SCN (Chen et al., 2001b; Sasser and Uzzell, 1991) or brown stem rot 
(Whiting and Crookston, 1993). In Iowa, the corn-soybean rotation is the most common crop 
rotation, and the effect of increasing soilborne pathogens has not been well documented.  
A potential method to determine the effect of pathogens on soybean yield is to reduce 
the level of soilborne pathogens with fumigation and measure the yield response and growth 
changes once pathogen populations have been modified. Soil fumigation is a method to study 
both the soilborne pathogen populations and the relationships between plant growth and 
soilborne pathogen communities (Warcup, 1976).  Fumigation in two crops other than 
soybean has yielded mixed results. Corn yield was reduced following soil fumigation with 
methyl bromide (CH3Br) due to reduced mycorrhizal colonization, leading to phosphorus 
deficiency (Jawson et al., 1991; McCallister et al., 1997). Fumigation of potato (Solanum 
tuberosum) fields with 1,3-dichlorpropene reduced fungal populations of Fusarium. spp., 
Pythium spp., and Verticillium dahliae and caused a small increase in yield (Hamm et al., 
2003).  
 Several studies have reported that soybean yields increased following soil fumigation. 
The greatest response to fumigation occurred in a field infested with root-knot nematode 
(Meloidogyne incognita) and SCN. Soil fumigation with ethylene dibromide, reduced 
population densities of root-knot and soybean cyst nematodes, and increased grain yield 138 
to 396% in a two year study. There was evidence that varieties susceptible to root-knot 
nematode were more responsive to soil fumigation (Weaver et al., 1985). A study conducted 
in North Carolina documented a strong negative correlation between yield and initial 
 16
nematode population densities (Sasser and Uzzell, 1991). Soil fumigation with 1,3-
dichloropropene (nematicide) reduced the negative effect and increased soybean yield six 
fold. In Illinois, fumigation reduced fungal population densities of Macrophomia phaseolina, 
Mycoleptodiscus terrestris, and Fusarium. spp. but increased incidence of Septoria glycines. 
Maximum yield in this study was 4.2 Mg ha-1, and although soil fumigation did not 
consistently increase grain yield, the average response was 268 kg ha-1. Foliar fungicide was 
used to control foliar pathogens, and in combination with soil fumigation, increased yield 
26% (Kittle and Gray, 1982). Von Qualen et al. (1989) fumigated soils with metham sodium 
(methyldithiocarbamate) in Indiana. Maximum yield was 3.1 Mg ha-1 and the average yield 
response to soil fumigation was 231 kg ha-1. This study also documented that the incidence of 
SDS decreased with fumigation and that soil fumigation was most beneficial in a soybean 
monoculture system. Finally, Gray (1978) reported a maximum soybean yield of 5.0 and 3.7 
Mg ha-1 in fumigated plots compared with 4.2 and 2.3 Mg ha-1 in non-fumigated plots during 
a two year study in Illinois, respectively. Fumigation reduced the incidence of Phialophora 
gregata, Fusarium. spp. and Phomopsis spp. and increased root health, based on visual 
assessment. Based on the review of papers related to soil fumigation, there is evidence that 
soil pathogens do limit yield and that soil fumigation could reduce their negative effect, and 
can be used as a method to study the plant-soilborne pathogen interaction.  
6. Soybean physiology and critical periods 
Yield is the result of many physiological processes and responses to environmental 
conditions. A specific yield can be produced by several combinations of yield components 
such as seed number, pod number, seed mass, reproductive nodes, and pods per reproductive 
node (Ball et al., 2001; Board et al., 1999). These yield components are a direct result of 
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growth and development during the critical stages of yield development and are continually 
modified to match the energy balance of a particular growth stage. Identifying growth factors 
that are most important to high yields within a specific production environment is essential to 
maximizing yield. 
Soybean yields are closely related to the amount of seasonal photosynthesis (Christy 
and Porter, 1982). Factors that either increase or decrease this total are of interest because 
they have a direct impact on yield. Throughout the season there are several key 
developmental stages where yield is gained or lost because of the photosynthetic capacity 
and energy level of the plant at specific stages. Important stages are divided into VE to R1, 
R1 to R5, and past R5. Assessing the ability of a soybean canopy at these specific growth 
stages to intercept light and maintain a high crop growth rate will determine the potential for 
a plant to set pods and form seeds, the important components for determining yield (Egli and 
Zhen-wen, 1991).  
6.1 Emergence to flowering  
Growth during the period of emergence to flowering is often not a major determining 
factor in yield development (Jiang and Egli, 1995). During this period the plant becomes 
photosynthetic and starts to accumulate biomass at an exponential rate (Ball et al., 2000). 
Production of leaf area during this period is essential to increase canopy closure in order to 
maximize light interception by critical growth stages (Shibles and Weber, 1965). 
Development of leaf area is important and leaf expansion is controlled by air temperature as 
leaves expand at temperatures greater than 9oC (Sinclair, 1984). Several studies have 
reported that a critical LAI is one that intercepts greater than 95% of the incoming solar 
radiation (Board, 2000; Shibles and Weber, 1965). Leaf area index values of 3 to 5 m2m-2 
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correspond to canopy closure and 95% solar radiation interception (Shibles and Weber, 
1965). Maximum leaf area is achieved by the R5 (Fehr et al., 1971) growth stage and 
soybean canopies develop LAI greater than those necessary for maximum light interception 
(LI) (Shibles and Weber, 1965). Biomass production has been strongly correlated with 
increasing LAI, but reaches a maximum at which point LAI increases, but with no further 
increase in biomass (Weber et al., 1966).  
Biomass is an important aspect of crop production, but a question has often been, how 
much biomass is necessary to achieve maximum grain yield.  Jiang and Egli (1995) reported 
that 76 g m-2 of plant biomass at R1 (Fehr et al., 1971) still produced yields equal to plants 
with greater than 200 g m-2 plant biomass as long as the crop growth rate (CGR) was similar 
following R1. In a study from Iowa, increased plant population maximized biomass, but did 
not maximize grain yield, indicating that dry matter production was not a good predictor of 
yield (Weber et al., 1966).  
Radiation use efficiency (RUE) is a measure of the efficiency of biomass production 
per unit of light intercepted by the canopy. This value is stable for an individual species, is 
always greater for C4 plants such as maize at 1.7 g MJ-1 relative to C3 plants such as soybean 
at 1.2 g MJ-1 (Sinclair and Horie, 1989), varies little at different LAI values (Sinclair and 
Horie, 1989; Sinclair and Munchow, 1999), and decreases at later planting dates and higher 
plant populations (Purcell et al., 2002). In a southern environment, when cumulative LI was 
less than 400 MJ m-2 biomass production was linearly related, but as interception increased to 
500 to 700 MJ m-2 the biomass production response was curvilinear, indicating that the plant 
could no longer utilize the extra light energy for yield production (Edwards and Purcell, 
2005). This would agree with previous studies that have shown that soybean canopies light 
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saturate at this range and that plants can not use this extra light even though the canopy is 
able to intercept the light (Christy and Williamson, 1985; Shibles and Weber, 1966).  
The ability of soybean to intercept incoming solar radiation and convert solar 
radiation into organic molecules through photosynthesis is fundamental to producing 
vegetative biomass and grain yield. The greatest photosynthetic capacity is reached at the 
time of flowering or 30 to 40 days after emergence (Christy and Williamson, 1985). 
Measurements on individual leaves have documented that photosynthetic capacity changes 
through the season and can respond to changes in sink or source capacity (Lauer and Shibles 
1987). Individual leaf measurements have not corresponded consistently to grain yield 
(Christy and Williamson, 1985; Dornhoff and Shibles, 1970), but do document variety 
differences and the ability of the plant to respond to environmental conditions (Dornhoff and 
Shibles, 1970; Lauer and Shibles, 1987) Measurements of canopy photosynthesis have 
worked well to describe changes in grain yield as total canopy photosynthesis between R4 to 
R8 (Fehr et al., 1971) are positively associated with increased grain yield (Wells et al., 1982; 
Christy and Williamson, 1985).    
6.2 Flowering to beginning seed fill period  
The period from flowering to seed set is the most critical period of growth and 
development to achieve maximum grain yield (Andrade et al., 2002; Board and Tan, 1995). 
Crop growth rate is the most important factor in determining whether a large number of seeds 
will be produced (Egli and Zhen-wen, 1991). Crop growth rate following R1 is linearly 
related to flower, pod, and seed number, regardless of the growth rate prior to flowering 
(Board et al., 1995; Board, 2000; Egli and Zhen-wen, 1991; Jiang and Egli, 1995; Vega et al., 
2001). Prior to R1 the plant has placed all of its energy into vegetative biomass, but at 
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flowering and following stages the plant must distribute energy to both vegetative biomass 
and to the reproductive sinks (Board and Tan, 1995). The plant is continually adjusting its 
sink load to match source capacity at each developmental stage. Source restrictions that occur 
during flowering and pod and seed set will reduce pod and seed production and reduce grain 
yield (Board and Tan, 1995; Egli and Bruening, 2006a; Jiang and Egli, 1995).  
The first reproductive priority is flower production (R1). In photoperiods shorter than 
the critical day length flowering is controlled by air temperature, and warm temperatures 
decrease the time to flowering (Hadley et al., 1984) and cool night temperatures delay 
flowering (Piper et al., 1996). In photoperiods longer than the critical day length (long-
nights), flowering is controlled by both photoperiod and temperature (Hadley et al., 1984). 
As noted by Cooper (2003), warm May temperatures will cause plants to flower earlier than 
cool May conditions.  
Soybean produces more flowers than will eventually form as pods. Flower abortions 
can be greater than 30% for early forming flowers, and close to 70% for late forming flowers, 
increasing to 50 and 90% when source restrictions occur (Heitholt et al., 1986). This 
indicates that later in the season less priority is given to late forming flowers. In both 
greenhouse and field studies application of nitrogen at the time of flowering increased pod 
number by 31% plant-1, reduced abortions by 8 to 10%, and increased yields 28 to 33% due 
to increased seeds plant-1 (Brevedan et al., 1978). Manipulation of source capacity per plant, 
by reducing incoming solar radiation or by increasing plant population, resulted in decreased 
flower production, increased flower abortion, and reduced pod number plant-1 (Dominguez 
and Hume, 1978; Jiang and Egli, 1993). At high plant populations these reductions did not 
have any influence on yield due to more plants per area (Ball et al., 2001; Dominguez and 
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Hume, 1978). An inference from this work is that any reduction in source capacity for the 
entire canopy will reduce grain yield for an individual plant. 
The next reproductive step is pod formation (R3; Fehr et al., 1971). The formation of 
pods is largely controlled at each reproductive node and is not a reflection of the entire plant. 
Removing all pods from a plant, except at one node only reduced abortions 15%, whereas, if 
pods were evenly distributed on the plant, abortions decreased from 69 to 36% (Heitholt et 
al., 1986). Bruening and Egli (1999) were able to adjust the carbon level at an isolated node 
and determined that a reduction in source capacity, for a specific node, led to reductions in 
pod production. This indicates that source capacity of a single trifoliate leaf determines pod 
set at that node. The period of time that pods form on the plant is nearly 50 days for 
indeterminate soybean varieties and can be shortened by later planting dates, but is not 
affected by plant population (Egli and Bruening, 2006b). During this time the majority of 
pods (84%) were initiated in a 20 day period. Pods that were initiated early in the season had 
a much greater probability of surviving and setting seeds compared to pods that formed later 
in the pod setting period (Egli and Bruening, 2006b). Changes in source capacity reduced late 
forming pods more than early forming pods. A critical factor that determined whether a pod 
would be maintained or aborted was achieving a length greater than 10 cm. Once pods 
reached this length there were fewer pod abortions (Egli and Bruening, 2006a; 2006b).   
By beginning seed (R5), pod number has largely been determined although a few 
pods will still begin to form (Egli and Bruening, 2006a). In many of the early forming pods, 
seeds have already formed and begin to fill rapidly. Seed growth rate is controlled by the 
number of cotyledon cells formed following pollination (Egli et al., 1989). Cotyledon cell 
number represents the potential sink size of a single seed and the greater that cell number is 
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the more assimilate will be given to fill that seed. Large seeded varieties form more 
cotyledon cells and have a greater seed growth rate (Guldan and Brun, 1985). Seed growth 
rate is linearly related to cotyledon cell number and can be increased by additional sucrose. 
Source reductions that occur during the time of cotyledon cell development reduce cell 
number 21 to 55%. Increasing source pod-1, through pod removal, increased cell number 26 
to 102% (Egli et al., 1989).  
Harvest index is a value that indicates the percentage of assimilates that the plant 
dedicated to the seed biomass relative to vegetative biomass (Donald and Hamblin, 1976). 
Because larger HI values indicate that a greater percentage of total biomass production was 
directed toward seed production it can provide a measurement of the yield potential of a 
variety (Sinclair, 1998; Spaeth and Sinclair, 1985). The dry matter allocation coefficient 
(DMAC) value has been shown to be negatively correlated with yield because a rapid 
increase in HI indicates that more energy is partitioned to the seed at the expense of plant 
biomass (Salado-Navarro et al., 1986). As the rate of partitioning increases the length of the 
seed filling period decreases. Reduced DMAC increases HI, result in longer periods of seed 
filling, and the potential for greater yields (Salado-Navarro et al., 1986). Increased biomass 
does not always indicate greater yields, due to the potential for reduced HI (Donald and 
Hamblin, 1976).  
The seed filling period (R6; Fehr et al., 1971) is a dynamic period that is very 
important for achieving maximum grain yield (Andrade, 1995). Seed growth during this 
period occurs at a linear rate. The final seed mass as a ratio of the rate of growth day-1 is 
referred to as the effective filling period (EFP) (Egli, 1998). Seed growth rate, final seed 
mass, and EFP are variety dependent and rapid seed growth rate can reduce the EFP and seed 
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mass (Swank et al., 1987). Different seed growth rates and time of the filling period will 
result in range of final seed mass for individual varieties (Swank et al., 1987). The length of 
the seed filling period has been associated with greater yield (Nelson, 1987) and the seed 
filling period can be used as a selection criteria for improving grain yield (Nelson, 1986).     
There is a hierarchical structure to the components that that constitute soybean yield 
as the plant either captivates or compensates for previous growth conditions. Board et al. 
(1999) have described the components as consisting of primary factors that control yield 
(seed number and seed size), secondary factors that affect seed number (seed per pod and pod 
number), and then tertiary factors that affect pod number (reproductive node number, pods 
per reproductive node, percent nodes becoming reproductive, and total node number). In 
their study, yield was most affected by adjustments in tertiary yield components because they 
are controlled by flower number. Stress during this early phase forces the plant to give 
priority to maintaining cotyledon cell number and not pods per node resulting in fewer, larger 
seeds. Compensation by producing larger seeds will improve yield, but does not have as large 
of impact on yield as seed number (Board et al., 1995).  
Seed number and seed growth rate (seed size) are primary yield components; 
however, these two components are often inversely related (Board et al., 1999; Board and 
Harville, 1998; Bruening and Egli, 1999; Egli and Zhen-wen, 1991; Egli et al., 1987; Salado-
Navarro et al., 1986). Seed number is increased by setting a high number of pods (Board, 
1987) and is directly related to crop growth rate during R1 to R5 (Egli and Zhen-wen, 1991). 
The majority of seeds that contribute to yield form on the main stem nodes with less than 
10% contributed from branches at normal plant populations (Spaeth and Sinclair, 1984a). 
Seed growth rate is a function of seed position. Seeds on main stems form earlier in the 
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season and have a slower growth rate than seeds that form later at the top nodes. Seeds that 
have a higher seed growth rate typically produce less seed mass due to shorter seed fill 
duration (Spaeth and Sinclair, 1984b). The difference in seed growth rates results in seeds of 
various mass distributed on the plant (Egli et al., 1987).  
Soybean maintains seed growth rate through proper water balance around the forming 
seed. Short-term water deficits immediately reduce the leaf tissue water potential, but have 
little effect on seed growth rate even after extended stress periods. In the case where water 
deficits occur for extended periods, the effect on seed mass is due to shortened duration of 
seed fill, and not due to reduced seed growth rate (Westgate and Grant, 1989).  
Temperature is an environmental factor that is entirely out of management control 
and yet can be one of the most important factors for determining yield. In Iowa, soybean 
producing areas experience temperatures greater than 30°C at some point during the 
reproductive period. Greenhouse experiments indicate that temperatures greater than 30°C do 
not reduce seed growth rate, but can reduce the duration of seed growth (Egli and Wardlaw, 
1980). Warmer night temperatures increase individual seed growth rate but do not affect 
number of seeds per plant or pod (Seddigh and Jolliff, 1984). Warmer temperatures increase 
the number of cells within the seed and set the potential for high seed growth rates, but at 
high temperatures, the plant cannot provide assimilate quickly enough to the seed, reducing 
seed mass (Dornbos and Mullen, 1991; Egli and Wardlaw, 1980). A consequence of high 
temperatures is a decrease in photosynthetic rate for up to 42 days following exposure to high 
temperature (Gibson and Mullen, 1991). In a greenhouse study, warm night temperatures 
(above 20oC) during R1 to R5 and R1 to R8 increased pod number 9 and 13%, respectively 
(Gibson and Mullen, 1991). Field studies by Seddigh and Jolliff (1984) indicated that warmer 
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night temperature decreased the time from emergence (VE) to R1 and from R1 to R2 (Fehr et 
al., 1971), but had little effect on the time between the following growth stages. Egli et al. 
(1978) determined that cooler day temperatures were associated with longer effective filling 
period (EFP), increased seed mass, reduced seed growth rate, and increased yield. 
7. Soybean Production Practices 
7.1 Planting date 
7.1.1. Yield response  
Time of planting is one of the most cost-effective methods for increasing yield and 
does not increase production costs. Knowledge of soybean growth and development indicates 
that soybean would benefit from early planting because maximum LI would occur earlier in 
the season, raising the potential for increased crop growth rate, and seed production (Egli, 
and Zhen-wen, 1991; Shibles and Weber, 1965). There is also a strong positive linear yield 
response to seasonal canopy photosynthesis (Christy and Porter, 1982). 
From 1995 more than 90% of the soybean acres were planted by the first week of 
June in Iowa with the majority of acres planted by the second and third week of May 
(National Agriculture Statistics, 2007). The number of acres planted by the first week of May 
has increased since 1999 (National Agriculture Statistics Service, 2007) and in general more 
acres are being planted earlier in the season. Oplinger and Philbrook (1992) reported that 
early planting increased yield even though the number of emerged and harvested plants 
decreased. In Minnesota, Lueschen et al. (1992) found that the beneficial response to early 
planting was both location and year specific. At Morris and Waseca, early planting increased 
grain yield 0.2 and 0.3 Mg ha-1, respectively. At Lamberton, there was no consistent response 
to early planting due to years of little early season rainfall. Recently, Pedersen and Lauer 
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(2003) reported that planting in Wisconsin the first week of May resulted in a 4% yield 
increase compared with planting the third week of May.  
 7.1.2 Physiological response 
Several physiological processes are altered by early planting. The primary benefit is 
the time of flowering. When planting occurs early in the season, plants can flower prior to 
21-June because flowering is determined by air temperature rather than photoperiod (Hadley 
et al., 1984). Early flowering has been proposed to be associated with higher yields (Cooper, 
2003). Late planting increases biomass production early during vegetative growth, but by the 
reproductive period partitioning to vegetative growth decreases, shortens the biomass 
accumulation period, and reduces dry matter accumulation (reduced CGR) during R1 to R5 
(Egli and Zhen-wen, 1991). With late planting dates carbohydrates are not mobilized to 
support continued seed growth (Anderson and Vasilas, 1985). Pedersen and Lauer (2004) 
reported that seed number, pod number, and harvest index increased from early planting and 
the duration of seed dry matter accumulation was longer for early planting dates. The 
compensatory mechanism for later planting was an increase in seed number per pod, but this 
response could not compensate for yield reductions caused by fewer seeds and pods plant-1 
(Pedersen and Lauer, 2004). 
7.2 Plant spacing 
Plant spacing in the field is important and plays a significant role in determining plant 
growth and yield development. Plant spacing exists in two directions: 1) within row spacing 
and 2) between row spacing. At a given plant population, as row spacing decreases, the 
within row plant spacing increases and results in a more equidistant plant spacing. At a fixed 
row spacing, as plant population increases, the within row plant spacing decreases and 
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interplant competition increases. Both factors can be adjusted to provide optimal plant 
spacing.  
7.2.1 Phases of plant competition  
The response to modified plant spacing has been described by Duncan (1986) as 
having three phases: 1) a period of no interplant competition, 2) a period where light 
interception is complete and seed yield increases with increasing plant population, and 3) a 
final period when yield per area is at a maximum and is independent of plant population. 
Early in the season, phase I exists and the length of that phase is dependent on the plant 
population and row spacing. Phase II exists when there is complete light interception and the 
source plant-1 is in excess of plant needs. This allows for the addition of plant to achieve 
greater yields. Phase III populations exist when there is complete light interception, source 
capacity plant-1 becomes limiting, and every additional plant produces fewer seeds, equating 
to no yield increase.  
7.2.2 Row spacing effect  
One of the first studies conducted on the effect of plant spacing was conducted by 
Wiggans (1939) and showed that narrow rows increased yield and that at wider row spacing 
more plants were not as beneficial. This type of response shows both phases II and III 
response given that yield can increase with some increase in plant population, but that there 
was a maximum above which yield did not respond to increased populations. Parks (1983) 
also found narrow rows to produce greater yields regardless of plant population. There was a 
yield response to increased plant populations, but only to specific population (greater than 26 
m-2). Above that plant population the yield response increased at a decreasing rate indicating 
the transition between phase II and III. Wiggans (1939) and Parks (1983) both indicated that 
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equidistant plant spacing, where populations were just high enough to reach Phase III, 
produce the greatest yields.   
The data available for row spacing from the past twenty years is fairly consistent for 
Midwest production areas and indicates that narrow row spacing (less than 76 cm) does 
improve yields. While a few studies have shown little to no response of yield to row spacing, 
no studies have shown wide row spacing to increase yield. Johnston et al. (1969) determined 
that as row spacing decreased from 100 to 50 cm yield increased by 16% regardless of light 
conditions. In Wisconsin, Oplinger and Philbrook (1992) measured a 0.2 Mg ha-1 yield 
advantage for a narrow row spacing of 20 cm at May planting dates. At later planting dates in 
June, the yield advantage for narrow row spacing was no longer significant. Averaged across 
three Minnesota locations, Lueschen et al. (1992) determined a yield advantage of 8 to 14% 
for 25 cm rows compared with 76 cm rows. Variability in the yield response to narrow rows 
was a result of available soil moisture. The effect of narrow row spacing was also consistent 
across various lengths of a corn-soybean crop rotation and tillage systems in Wisconsin 
(Pedersen and Lauer, 2003). In Nebraska, under both irrigated and non-irrigated conditions 
for both determinate and indeterminate varieties, yield was greatest for 25 and 51 cm row 
spacing compared to 76 cm row spacing (Elmore 1998).    
In Iowa, Weber et al. (1966) conducted a study that evaluated row spacing between 
13 and 102 cm and plant populations between 64 and 516 thousand plants ha-1. They found 
that yield responded positively to narrower row spacing and was maximized in a 25 cm row 
spacing at a final population of 258 300 plants ha-1. Narrow row spacing was most beneficial 
in low-yielding environments and the authors speculated that at high yield potential 
environments narrow row spacing would not be as important for increasing yield. More 
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recently Taylor (1980) determined that in years of high water supply 25 cm row spacing 
produced greater yields than 100 cm row spacing. In years when rainfall was a factor limiting 
plant growth there was no difference between wide and narrow row spacing.  
There is some evidence that plant populations need to be increased for narrow row 
production. In Kansas, the response to row spacing was influenced by growing environment 
(Devlin et al., 1995). At high yield sites narrow row spacing increased yields; however, when 
moisture was a limiting factor wider rows provided a yield advantage. This study estimated 
that the optimal plant population in high-yielding environments varied depending on row 
spacing. Maximum yield for wide row spacing occurred with a plant population of 284 000 
plants ha-1 and as rows narrowed the population level increased to more than 494 000 plants 
ha-1 (Devlin et al. 1995).  
7.2.3 Plant population 
As plant population increases there are more plants m-2 but the incoming solar 
radiation m-2 does not change resulting in a reduction in source plant-1. Shading reduces the 
rate of photosynthesis for leaves lower in the canopy thereby reducing the source capacity for 
an individual plant; however, shaded leaves do not loose the ability to photosynthesize and 
can respond if the light environment changes (Beuerlein and Pendleton, 1971; Johnston et al., 
1969). These studies indicate that, in wide row spacing, leaves lower in the canopy maintain 
a photosynthetic rate equal to that of the upper leaves. A logical deduction from this is that at 
higher plant populations, yield becomes more dependent on plant number as yield per plant 
decreases. In wide row spacing yield is more dependent on the productivity of the individual 
plant.  
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Equidistant plant spacing increases LI relative to wide row spacing by R2, but 
differences diminish by R5. Increased LI increases crop growth rate, number of fertile nodes, 
and seeds per m-2 (Egli, 1994). Equidistant spacing results in more efficient assimilate 
distribution throughout the canopy and greater seed production (Egli, 1994). Bullock et al. 
(1998) reported that as row spacing decreased at a fixed plant population, yield, pods per 
plant, branch number, HI, and CGR up to R5 all increased. These results make an important 
point that at a set plant population the decrease in row spacing results in less interplant 
competition and plants respond with increased yield production.  
 Yield components are affected by changes in plant population. A plant population 
increase from 7.9 to 56.6 plants m-2, reduced seed number per plant by 70%, and the percent 
of fertile nodes from 74 to 47% (Vega et al., 2001). Pod number plant-1 was the yield 
component most affected by increased plant populations and the response was consistent 
across maturity groups. Yields increased slightly with higher plant populations, but the 
response was small (290 kg ha-1) as plant number increased from 40 to 120 plants m-2 
(Dominguez and Hume, 1978).   
 Low plant population can be produce yields that are competitive with higher plant 
populations. At lower populations interplant competition is reduced and each individual plant 
has greater opportunity to produce more seeds. Lauer and Shibles (1987) determined that 
photosynthetic rate was increased and maintained longer in response to larger sink size by 
increasing protein levels in leaves and reducing senescence of older leaves. For a determinate 
variety grown in the south, CGR of low populations was equal to that of larger populations 
by R1. This was a result of greater leaf area expansion and light interception efficiency 
resulting in greater net assimilation rate (NAR) portioned into leaves and branches (Board, 
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2000). This indicates that branch production is a key compensation component used by low 
plant populations (Carpenter and Board, 1997). This study also points out a potential risk of 
low plant populations due to their dependency on maintaining high CGR, LAI, and NAR to 
remain competitive indicating that any stresses that would reduce these factors would be 
more detrimental at a low plant population (Board, 2000). 
7.3 Variety response to agronomic practices  
Varieties typically respond consistently to agronomic decisions. In Wisconsin, two 
varieties showed a similar response to tillage, planting date, and row spacing (Oplinger and 
Philbrook, 1992). These types of responses have also been documented in Minnesota 
(Lueschen et al., 1991) and Nebraska (Elmore, 1990; 1998). Variety response to seeding rate 
has also been consistent (Elmore, 1991; Lueschen and Hicks, 1977). However, there are 
instances where variety specific responses to agronomic decisions have been documented. 
Pedersen and Lauer (2003) reported that in Wisconsin, yield of a single variety at one 
location was 7% greater at early planting, but two other varieties showed no response. Board 
(2002) observed that certain varieties were more tolerant to late planting dates in southern 
environments. Maturity group may explain the response to planting date as seed fill rate of 
group three soybeans was reduced 31% compared to only a 4% reduction for a group II as 
planting was delayed (Anderson and Vasilas, 1985). 
  The interaction between variety selection and agronomic management is important 
in environments where soilborne pathogen populations are a yield limitation. In fields where 
BSR was established there was no yield benefit for a BSR susceptible variety but a BSR 
resistant variety produced a greater yield at the early planting date (Grau et al., 1994). The 
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necessity of variety resistance to maintain a yield benefit to agronomic practices have also 
documented in crop rotation studies (Adee et al., 1994; Meese et al., 1991).  
This literature review only scratches the surface of the wealth of information that has 
been collected on soybean history, breeding, physiology, pathology, and agronomy. The 
following chapters seek to integrate this understanding and add new components to this 
knowledge base. 
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Chapter 2. GRAIN YIELD RESPONSE OF SOYBEAN TO PLANTING DATE AND 
SEEDING RATE IN IOWA 
Paper to be submitted to Agronomy Journal 
Jason L. De Bruin* and Palle Pedersen 
Abstract 
Planting date and seeding rate are important agronomic decisions for maximizing 
soybean [Glycine max. (L) Merr] yield but there are potential risks and costs associated with 
these decisions. Current information on the response of soybean to planting date may 
underestimate the yield penalty from delayed planting and overestimate the seeding rate 
required to maximize yield in Iowa. The objective was to determine the effect of planting 
date and seeding rate on soybean grain yield at environments with different yield potentials 
in Iowa. Two field experiments were conducted. Study 1 was planted at three locations from 
2003 to 2005 and Study 2 was planted at three other locations from 2004 to 2006. In both 
studies, four seeding rates were planted at four different dates between late April and the 
middle of June. Highest yield was obtained by early planting for all locations. The rate of 
yield decline for a delay in planting between late April and mid-May varied among locations 
and ranged between 35 and 198 kg ha-1 week-1. Harvest plant populations were reduced by 
late April planting dates, and final populations averaged 265 600 plants ha-1 compared to an 
average of 314 200 plants ha-1 for late May and early June dates. Maximum yields were 
found at final stands above 260 300 (Study 1) and 262 300 plants ha-1 (Study 2) but yield did 
not change with populations greater than 343 700 plants ha-1 in either study. Yields were 
limited at low seeding rates by seed number in Study 1. In Study 2, however, both seed 
number and seed mass were reduced. It was concluded that early planting should be a priority 
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in Iowa and the penalty for late planting varies among locations but is greater than previously 
reported. No economic benefit was achieved by seeding rates greater than 308 800 seeds ha-1 
regardless of the production environment or the time of planting. 
Introduction 
Soybean planting typically begins when corn (Zea mays) planting is complete, but 
can be further delayed based on the recommendation that planting should begin when soil 
temperature reaches 10oC (Hoeft et al., 2000). Soil temperature data for the past five years 
indicates that in the north, central, and southern zones of Iowa, the soil temperature at 10 cm 
soil depths were adequate for planting by the last week of April (Table 1). The probability of 
a killing frost event (< -1.6°C) (Meyer and Badaruddin, 2001) in Iowa during spring is less 
than 25% after 25-April for areas south of 42.5° latitude (south and central) and after 1-May 
for the area north of that latitude (Table 1). Based on the five-year average (1999-2003), less 
than 10% of the soybean acres are planted by 2-May, with 80% planted by 30-May (National 
Agriculture Statistics Service, 2007) even though soil temperatures are adequate prior to 2-
May.  
Growers have avoided early planting because of the perceived risks, such as cold, wet 
soil, and exposure to seedling diseases, which in certain years can reduce plant stands, 
seedling health (Hamman et al., 2002), and yield (Wrather et al., 2003a). Planting early into 
cool wet soil delays emergence (Andales et al., 2000), may increase imbibitional injury 
(Bramlage et al., 1979; Helms et al., 1996), exposure to a late spring frost (Meyer and 
Badaruddin, 2001), and soil compaction that can reduce hypocotyl elongation (Knittle and 
Burris, 1979). There has also been the increasing problem of over-wintering bean leaf beetles 
(Certoma trifurcata) that migrate to early planted soybean fields in spring (Lam and Pedigo, 
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2000; 2001) and cause defoliation and also transmit bean pod mottle virus that can reduce 
grain yield and seed quality (Krell et al., 2004). 
Despite the risks associated with early planting, data from around the Upper Midwest, 
while variable, support yield improvements 0.2 Mg ha-1for planting 1-May compared to 15-
May of in Minnesota (Lueschen et al., 1992), 0.1 Mg ha-1 in Missouri (Wrather et al., 2003b), 
and 0.3 Mg ha-1 in Wisconsin (Grau et al., 1994). The benefit to early planting increases 
rapidly as planting is delayed to late May or early June compared to early May planting 
(Anderson and Vasilas, 1985; Elmore, 1990; Lueschen et al., 1992; Oplinger and Philbrook, 
1992; Pedersen and Lauer, 2004; Whigham et al., 2000; Wilcox and Frankenberger, 1987). 
There are reports, however, where no yield difference has been found between early and later 
planting dates (Elmore, 1990; Oplinger and Philbrook, 1992; Lueschen et al., 1992), and in 
one study, there was a negative response at one location in one year (Lueschen et al., 1992). 
The response to early planting can be year (Pedersen and Lauer, 2003), location (Lueschen et 
al., 1992) and variety specific (Grau et al., 1994; Elmore, 1990).  
Soybean responds to increased seasonal photosynthesis (Christy and Williamson, 
1985). Planting date modifies length of the vegetative growing period and timing of 
reproductive development. Early planting dates can cause plants to flower earlier in the 
season when air temperatures are lower and photoperiods are longer (Cooper, 2003). Longer 
photoperiods during critical periods can increase pod and seed number plant-1 (Kantolic and 
Slafer, 2001) due to greater photosynthetic activity (Cooper, 2003). Early planting dates have 
a lower crop growth rate between R1 (Fehr et al., 1971) and R5 and a lower harvest index 
(Pedersen and Lauer, 2004). These growth changes result in greater pod and seed number 
 52
(Anderson and Vasilas, 1985; Pedersen and Lauer 2004), primary yield components that 
drive soybean grain yield (Board et al., 1999).  
The ability of the soybean plant to add branches and utilize space has often led to no 
yield increase from increased seeding rates (Carpenter and Board, 1997). Seeding rates 
ranging from as low as 70 000 plant ha-1 in equidistant spacing (Egli, 1988) to as high as 570 
000 plants ha-1 are necessary to maximize grain yield (Oplinger and Philbrook, 1992). Other 
studies indicate that final populations in the range of 250 000 to 350 000 plants ha-1 are 
sufficient to maximize yield (Beuerlein, 1988; Elmore, 1991; 1998; Weber et al., 1966; 
Wiggans, 1939).  
Current recommendations in Iowa are to begin planting by the last week of April but 
indicate that equivalent yields can still be attained by planting in the middle of May 
(Whigham et al., 2000). This recommendation does not emphasize the critical nature of 
timely planting and may underestimate the yield penalty for delayed planting, especially in 
high yielding environments. Seeding rates used in Iowa differ depending on row width. 
Target plant populations at harvest have been 272 000 and 321 000 plants ha-1 (Whigham, 
1998). Common seeding rates used in the state to ensure this harvest population are 494 200, 
444 800, and 370 000 seeds ha-1 for 19, 38, and 76 cm row spacing, respectively. Interactions 
between planting date and seeding rates have led to the recommendation to increase seeding 
rates at late planting dates (Beuerlein, 1988; Whigham et al., 2000). Increased seeding rates 
can be part of a weed management strategy (Nice et al., 2001), but seed costs have increased 
rapidly within the last decade and low-cost postemergent weed control programs are 
available. 
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Specific knowledge of planting date responses at different locations is necessary to 
determine if early planting should be recommended for all parts of the state given the 
potential set of risks. The interaction between variety, poor early season growing conditions 
that limit seedling emergence and growth, and soilborne pathogens may reduce any benefit to 
planting earlier in the season (Grau et al., 1994). It is therefore hypothesized that the yield 
response from planting date varies by location, depending on biotic stress and yield potential, 
and that seeding rate is not planting date specific if weeds are managed timely. The 
objectives of this study were to i) determine the yield response for grain yield and other 
agronomic traits using different planting dates, ii) determine the effect on grain yield using 
different seeding rates, and iii) evaluate whether a planting date by plant population 
interaction exists.  
Materials and Methods 
Field Study 1: This study was conducted in Iowa at Ames and Crawfordsville from 
2003 to 2005 and at Nashua from 2003 and 2004 (Table 2). The experimental design for this 
study was a randomized complete block in a split-plot arrangement with four replications. 
The main plot was four planting dates (Table 3) and the split plot was four seeding rates of 
185 300, 308 900, 432 400, and 555 800 viable seeds ha-1. All studies were planted into a 
tilled seedbed that had been chiseled in the fall and cultivated once in the spring. The variety 
used at Ames and Nashua was NK-S24-K4 (Syngenta Seed, Minneapolis, MN), and the 
variety DKB-36-51RR (Monsanto Company, St. Louis, MO) was used at Crawfordsville. 
Both varieties were resistant to glyphosate [N-(phosphonomethyl) glycine]. Seeds were 
inoculated with Bradyrhizobium japonicum (EMD Crop BioScience, Brookfield, WI), and 
plots (4.6 m x 15.2 m at Nashua and 2.7 m x 6.1 m at Ames and Crawfordsville) were 
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planted in 76 cm row spacing with a 7000 John Deere planter (John Deere Corp. Moline, IL) 
at Crawfordsville and Nashua and at Ames in 2003. An Almaco grain drill (Almaco, Nevada, 
IA) with 38 cm row spacing was used in 2004 and 2005 at Ames.  
Field Study 2: This study was conducted from 2004 to 2006 at three Iowa locations 
near De Witt, Nevada, and Whiting (Table 2). The experimental design at each location was 
a randomized complete block in a split-split plot arrangement with four replications. The 
main plot was a single replication of soil fumigation and no-fumigation. Fumigation was 
conducted by injecting the fumigant Telone C-35® [1,3 dichloropropene applied at 199 kg a.i. 
ha-1 and chloropicrin applied at 113 kg a.i. ha-1] (Dow AgroSciences, Indianapolis, IN) into 
the top 30 cm of soil, followed by a rolling packer wheel. The split-plot was four planting 
dates (Table 4), and the split-split plot was four seeding rates of 185 300, 308 900, 432 400, 
and 555 800 viable seeds ha-1. The variety AG2801 (Monsanto Company, St. Louis, MO) 
used was resistant to glyphosate. Tillage was conducted in the fall by either disking or 
plowing followed by cultivation in the spring. Seed was treated with Bradyrhizobium 
japonicum (EMD Crop BioScience, Brookfield, WI), and plots (2.7 m x 6.1 m) were planted 
in 38 cm row width using an Almaco grain drill (Almaco, Nevada, IA). Plots at Whiting were 
irrigated at several points in the season each year. Irrigation amounts at Whiting in 2004 were 
13 mm on 7-Sep and 15-Sep; in 2005 were 24 mm on 18-Jul and 34 mm on 7-Aug; and in 
2006 were 13 mm on 20-May, 26 mm on 16-Jun, 25 mm on 10-Jul, 13 mm on 17-Aug, and 
13 mm on 19-Aug. Total rainfall (rain fed and irrigation) was recorded by field-based 
weather station. Rainfall totals, in addition to irrigation, never exceeded the 30-year norm 
(data not shown). 
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In both studies, glyphosate was applied twice during the season at a rate of 865 g a.e. 
ha-1 at all locations. The insecticide [Chlorpyrifos 0,0-diethyl-0-(3,5,6-trichloro-2-pyridinyl) 
phosphorothioate] (Dow AgroSciences, Indianapolis, IN) was applied at a rate of 0.84 kg a.i. 
ha-1 twice at De Witt to control soybean aphid (Aphis glycines) and spider mites (Tetranychus 
urticae) and at Nevada in 2006 to control bean leaf beetles. At Whiting in 2005, cyfluthrin 
[cyano (4-fluoro-3-phenoxyphenyl) methyl-3-(2,2-dichloroethenyl)-2,2-dimethyl-
syclopropanecarboxylate] (Bayer CropScience, Research Triangle Park, NC), was applied at 
0.49 kg a.i. ha-1 to control bean leaf beetles.  
The center 4 and 2 rows of the 38 and 76 cm row spacing, respectively, were 
harvested with an Almaco plot combine (Almaco, Nevada, IA) and adjusted to a moisture 
content of 130 g kg-1. Other measurements taken at harvest were final plant population and 
seed mass based on a sample weight of 300 seeds. Seed number was calculated based on seed 
mass and grain yield (Board and Modali, 2005).   
Data from the 2004 study at Nevada was excluded from analysis because the late May 
planting date was not planted and the 2005 study at De Witt was excluded from the analysis 
due to herbicide carryover. Based on the residuals, the variance for each study was 
determined to be homogenous. Data were combined over years for each location in both 
Study 1 and 2. Different row spacing was used at Ames in 2003 compared to 2004 and 2005, 
but data was combined because a previous study did not identify a planting date by row 
spacing interaction (Oplinger and Philbrook, 1992). Study 2 was part of a yield potential 
study to determine the effect of soil fumigation on yield and soilborne pathogens. No effects 
or interactions involving soil fumigation were found and the data were combined across soil 
fumigation. Proc Mixed in SAS (SAS Institute, 2003) was used to separate mean differences 
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among locations, planting dates, and seeding rates. Years and blocks were treated as random 
effects, and all other effects were considered fixed. Planting dates were converted to a 
numeric rather than categorical variable by calculating the new variable days after 15-Apr 
(daapr15). Relationships between planting date and grain yield, either linear or quadratic, 
were determined using contrasts. Equation coefficients were determined using the Proc Reg 
statement in SAS. 
Results 
Locations in Study 1 represent the majority of growing conditions in Iowa. Those in 
Study 2 represent the largest potential yield differences in the state. The five-year average 
soybean yield for the state is 3 118 kg ha-1. Environments close to this average were 
considered low-yield and those above this average were considered high-yield environments. 
Whiting and De Witt are high yield environments with well-drained soils, but differ in 
populations of soilborne pathogens. The low-yield environments were Nevada and Ames. 
These are located in the Des Moines lobe, an area with high pH, low P availability (Table 1), 
poorly drained soils, and large soybean cyst nematode (Heterodera glycines Ichinohe; SCN) 
population densities. Nashua, a northern environment, has low SCN population densities, but 
highly erodible land with a thin top soil layer, making it rainfall dependent. Crawfordsville is 
a southern environment with low SCN population densities, and well-drained soil, but in the 
years of this study received below normal rainfall.  
Field Study 1: Delayed planting reduced grain yield at all locations but the rate of 
decline was specific for each location and resulted in a strong location by planting date 
interaction (Table 5). Grain yield declined at a linear (Figure 1) rate of 94 kg ha-1 week-1 at 
Nashua as planting was delayed from last week of April to mid-June (Table 6). Yield decline 
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at Ames and Crawfordsville was best fit by a quadratic response and increased more rapidly 
at later planting dates (Figure 1). The rate of yield decline was similar among locations for 
the first and second planting delay but between the late May to early June planting date, the 
rate of decline at Ames was 668 kg ha-1 week-1 compared to 361 kg ha-1 week-1 at 
Crawfordsville and 89 kg ha-1 week-1 at Nashua (Table 6).  
A location by planting date interaction was determined for seed number. Seed number 
declined 5% at Ames between late April and early May and was further reduced 8% and 30% 
by late May and early June planting, respectively (Figure 2). At Crawfordsville the yield 
decline was less than at Ames between April and May, but reached 19% between the two 
later planting dates. There was a location by planting date interaction for harvest plant 
population. Harvest plant populations were equal at all planting dates at Nashua but increased 
an average of 7% at Crawfordsville and 22% at Ames when planting occurred in late May or 
early June (Table 7). Harvest plant populations were lower at Crawfordsville for all planting 
dates and ranged between 10 to 22% fewer plants at harvest compared to Ames and Nashua 
(Table 7). 
There was a location by seeding rate interaction for seed mass and harvest plant 
populations. Plant populations were lower at Crawfordsville compared to the other locations. 
This response was caused by poor seed quality in 2005. Plant populations, assessed following 
plant emergence, were 70% of the initial seeding rate. The interaction for seed mass was a 
result of small inconsistent changes among seeding rates at the three environments, but no 
specific trend could be identified to explain this interaction (data not shown). 
There was a planting date by seeding rate interaction as seed number declined at 
inconsistent rates between planting dates for the four seeding rates (Table 5). There was no 
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planting date by seeding rate interaction for grain yield indicating that changes in seed 
number, regardless of seeding rate, did not influence the yield response.  
Seeding rates resulted in a range of final plant populations between 158 600 to 424 
300 plants ha-1. Yield improved until seeding rates reached 432 300 seeds ha-1 and final 
harvest plant populations were between 260 300 and 343 700 plants ha-1. Seeding rate 
influenced seed mass; seed mass increased 0.3 g 100 seeds-1 as seeding rate increased from 
185 300 to 432 300 seeds ha-1. This was similar to seed number, which also increased by 123 
seeds m-2 (Table 5).  
Field Study 2: Location influenced the grain yield, seed mass, and seed number 
response to planting date and the seed number response to seeding rate (Table 8). The 
interaction between location and planting date for grain yield was associated with a change in 
the rate of yield reduction as planting was delayed for the locations and was similar to Study 
1. The two highest yielding sites were best fit by a quadratic response whereas yield declined 
at a linear rate at Nevada (Figure 1). Between the first and second planting date the yield 
reduction averaged 171 kg ha-1 week-1 at De Witt and Whiting compared to 98 kg ha-1 week-1 
at Nevada (Table 6). Between the second and third planting dates yield did not decline as 
planting was delayed at De Witt or Nevada but decline by 104 kg ha-1 week-1 at Whiting 
(Table 6).  
Seed number declined an average of 7% for all locations between late April and early 
May (Figure 3). No reduction in seed number was observed at De Witt or Nevada between 
early and late May dates. At Whiting seed number was reduced from 3 178 to 3 009 seeds m-
2 between early and late May. When planting was delayed to early June, seed number 
decreased 10% compared to late May planting dates at all locations. Seed mass remained the 
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same for the first two planting dates at Whiting and the first three at Nevada and De Witt. At 
the June planting date, seed mass had declined 10% at Nevada, 8% at Whiting, and 3% at De 
Witt from the earlier planting dates (Figure 3). 
Planting the last week of April resulted in the lowest plant stand of 260 700 plants ha-
1 (Table 8). Plant establishment continued to increase as planting was delayed, reaching a 
final stand for the last two dates of 318 000 plants ha-1 (Table 8). Yield and seed mass were 
maximized at the 556 000 seeds ha-1 seeding rate with a final plant population of 403 500 
plants ha-1, but similar yields were achieved at a seeding rate of 432 300 seeds ha-1 and a final 
plant population of 341 300 plants ha-1. Grain yield was not different between the 308 800 
and 432 300 seeds ha-1 seeding rates with an average final plant stand of 262 000 plants ha-1 
(Table 8). 
Discussion 
Weather conditions played an important role in determining grain yield. In Study 1, 
rainfall was especially limited at all locations in 2003. In Study 2, a drought at Nevada in 
2006 influenced yield because rainfall was 56 and 98 mm below average in May and June, 
respectively. Rainfall was below normal at the Whiting location in June, July, and August 
each year of the study. There was access to irrigation at Whiting and plots were irrigated at 
various points in the season but precipitation totals were still below normal (data not shown). 
At locations in Study 1, average seasonal temperature varied by less than 0.5oC from 30-year 
normal temperatures. This was similar for Study 2 with the only exception being Nevada in 
2006 where seasonal temperatures were 1.2oC above normal due to temperatures in June that 
were 2.7oC above normal (data not shown).  
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The fact that soil fumigation did not have any significant effect on the variables 
measured in Study 2 does not indicate that soilborne pathogens do not reduce yield or plant 
establishment. The variety used in this study was a high yielding variety in other studies as 
well, with resistance to soybean cyst nematode (Heterodera glycines; Ichinohe) and 
Phytophthora root and stem rot (Phytophthora sojae) and good to moderate tolerance to 
sudden death syndrome (Fusarium virguliforme (previously know as F. solani f. sp. 
glycines). Any reductions in soil pathogen levels from fumigation were not enough to 
influence this variety response to either planting date or seeding rate.  
Across fourteen environments planted from late April to early June there was no 
planting date by seeding rate interaction (Tables 5 and 8), indicating it is not necessary to 
increase seeding rates even when planting is delayed. This study did not test extremely late 
planting dates (later than 15-June) that can occur when replanting is necessary.  
  There was a positive yield response to early planting regardless of the location. The 
interactions associated with the response to planting date at the various locations indicate that 
the size of the yield penalty from delayed planting was location specific. The average yield 
reduction was 3.8% week-1 at De Witt, 2.8% week-1 at Nevada, Nashua, and Whiting, but 
only 0.7% week-1 at Ames and Crawfordsville (Table 7). Based on these reductions and 
maximum grain yield the penalty ranged between 38 to 145 kg ha-1 for Study 1 and 188 to 
397 kg ha-1 for Study 2. Previous planting date studies in Iowa had indicated equivalent 
yields could be maintained through 15-May (Whigham et al., 2000) but the work presented 
here emphasizes the importance of early planting and illustrates that significant yield 
reductions occur already by 15-May regardless of the location. As planting was delayed 
through late May, yield at De Witt and Nevada was not affected but at other locations the 
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yield penalty was 2.2 to 6.6% week-1. As planting was delayed until June the yield penalty at 
three of the six locations was greater than 10% week-1 (Table 6). Other research in the Upper 
Midwest has also shown that the response to early planting is beneficial and the magnitude of 
the yield reduction to delayed planting is location specific (Lueschen et al., 1992).  
 The major determinants of grain yield are seed number and seed mass (Board et al., 
1999; Egli, 1998) and past research has documented compensatory effects between these two 
yield components (Board et al., 1999; Sadras, 2006). Both studies here were consistent and 
indicated that all locations have the greatest yield potential at early planting dates and the 
response was largely associated with the plant’s ability to set seed. Seed number is fully 
determined by R6 (Fehr et al., 1971) but it is critical that a plant forms fertile flowers (R1 to 
R3) and mature pods (R3 to R5) to attain greater yields (Board et al., 1999). Time of flower 
formation and environmental conditions between R1 to R5 (Egli and Bruening, 2006) 
influence these yield components. Flowering (R1) began as early as 11-June and was similar 
for the first and second planting dates. Average air temperature increased approximately 2oC 
during each of the three flowering periods (data not shown). Flowers that form later in the 
year typically have greater abortion rates (Heitholt et al., 1986) and reduce pod and seed 
number per plant (Egli and Bruening, 2006). Average mainstem node number per plant 
remained unaffected until planting occurred in early June when main stem node number 
decreased (data not shown). Continued reduction in seed number and grain yield without a 
concurrent reduction in main stem node number at the early and late May planting dates 
indicate reduced production of fertile flowers and pods for each existing node.  
The range in seed number for both studies and all treatments was 1 717 to 3 463 seeds 
m-2 (102% difference) and average seed mass varied between 120 and 164 mg seed-1 (37% 
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difference). This set of changes resulted in yield differences as great as 190% for all locations 
and planting dates (Figure 4). Based on this set of data greatest yields were attainted when 
both seed number and seed mass were maximized. The slope of the regression between seed 
number m-2 and grain yield was 1.93 but did not run parallel to the reference lines of known 
seed mass (Figure 4). These data indicate that as seed number increased, seed mass also 
increased to further increase yield. The ability of the plant to set high number of seeds did not 
necessarily preclude its ability to fill the seed. One location (Nashua 2004) did produce very 
large seeds (>160 mg seed-1) but yields were less than 3 500 kg ha-1 due to low seed number 
m-2. When growing conditions are not conducive to seed formation, the seed-filling and 
remobilization periods are more important (Board and Harville, 1998). The seed does have a 
limited ability to increase yield through improvements in seed mass but high yields are not 
attained due to seed number limitations. 
Grain yield responded little to increased seeding rates. The response was similar to 
past studies that also indicated a yield response to more plants ha-1 but only to the point 
where yield becomes independent of plant density (Duncan, 1986). In both study 1 and 2, the 
seeding rate of 432 300 seeds ha-1 was necessary to achieve maximum grain yield. At this 
seeding rate final plant stands were similar between studies and averaged 342 500 plants ha-1. 
There was an important observation that average plant stands at the early planting date when 
grain yield was maximized were 260 700 plants ha-1 for Study 1 and 271 000 plants ha-1 for 
Study 2. This is good evidence that maximum yields are achieved with a final stand in the 
range of 260 000 to 344 000 plants ha-1. Seeding rates necessary to achieve this final stand 
will vary among locations and will likely depend on soil type, soil conditions, equipment, 
and management.  
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Seed costs have increased within the last few years and are approximately $79.07 ha-1 
or $1.2 kg-1 of seed (Duffy and Smith, 2006). An increased seeding rate from 308 800 to 432 
000 seeds ha-1 with an average of 6 613 seeds kg-1 increased production costs $22.4 ha-1. The 
results presented here indicate that this change in seeding rate resulted in an average yield 
increase of 83.5 kg ha-1. The cash value of this yield change would be $18.1 ha-1 based on a 
sale price of $0.213 kg-1 (see p. 112) making this increase in seeding rate not economically 
profitable.   
An interesting observation from both studies was that seed mass continued to increase 
as seeding rate increased (Table 5 and 8). A potential explanation for this observation is that 
as seeding rate increased the number of seeds formed on branches decreased. Seeds that form 
on the main stem begin to form earlier (Spaeth and Sinclair, 1984a) and have greater mass 
(Egli et al., 1978; Spaeth and Sinclair, 1984b), resulting in an overall larger seed mass per 
plant at high seeding rates. Increase in seed mass did not lead to further increases in seed 
yield because in both studies the increase was balanced by a slight reduction in seed number 
(Tables 5 and 8).          
Conclusions 
 Early planting date is a management tool that growers should use to increase yields, 
regardless of the location in Iowa. Probability for spring frost does limit how early planting 
can occur and requires regional-specific recommendations for the state. Early planting 
consistently improved grain yield through an increase in seed number, indicating that early 
planting benefited flower and pod formation. Yield increased as seeding increased up to 432 
300 seeds ha-1 with final stands of 342 500 plants ha-1. Increased seed costs offset the yield 
benefit of seeding rates above 308 800 seeds ha-1. There was no indication increased seeding 
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rates were necessary to increase yield as planting was delayed into the middle of June. In all 
cases, yield decreased as planting was delayed and the decrease was not offset by increasing 
seeding rates. A combination of planting the last week of April (southern and central Iowa) 
and first week of May (northern Iowa) at a seeding rate of 308 800 seeds ha-1 will produce 
the greatest yield and economic return in Iowa.  
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Table 1. Long-term (30-year) probability of a killing frost (< -1.6 oC) and five-year 
average soil temperature at 10 cm soil depth for the north, central, and southern zones 
in Iowa. 
Date North† Central South 
 % oC % oC % oC 
1-Apr 98 5.5 92 7.2 88 8.6 
15-Apr 70 14.1 45 14.6 44 15.0 
25-Apr 46 11.1 19 10.6 16 11.3 
1-May 30 10.7 8 11.1 10 12.2 
15-May 2 12.9 0 13.6 0 14.8 
Source: Iowa Environmental Mesonet (http://mesonet.agron.iastate.edu/index.phtml), Iowa 
State University Department of Agronomy 
† The state was divided into North (areas north of 42oN), Central (areas between 42oN and 
41.5oN), and South (areas south of 41.5oN
 Table 2. Field characteristics for six Iowa research locations where studies were conducted with different planting dates and 
plant populations from 2003 and 2006.  
  De Witt  Nevada Whiting Ames Crawfordsville Nashua
Latitude  
Longitude 
41.82N 
90.54W 
42.02N 
93.45W 
42.13N 
96.15W 
42.04N 
96.65W 
41.24N 
91.56W 
42.95N 
92.54W 
Soil series 
Tama  
silt loam 
Webster clay 
loam 
Salix silty clay 
loam 
Webster clay 
loam 
Mahaska  
silt loam 
Kenyon  
loam 
Soil family 
fine-silty,  
mixed mesic, 
Typic 
Argiudolls 
fine-loamy, 
mixed mesic, 
Typic 
Hapludolls 
fine-silty,  
mixed mesic, 
Typic 
Hapludolls 
fine-loamy, 
mixed mesic, 
Typic 
Hapludolls 
fine, 
montmorilloniti
c mesic,         
Aquic 
Argiudolls 
fine-loamy, 
mixed mesic, 
Typic 
Hapludolls 
Soil fertility range        
pH 5.9 - 7.6 6.2 - 7.8 6.0 - 6.3 6.3 – 6.6 5.9 - 6.3 7.0 - 7.1 
P (mg kg-1) 35 – 49 6 - 48 24 - 72 57 - 71 20 – 47 23 - 27 
K (mg kg-1) 185 – 234 197 - 218 367 - 443 293 - 294 89 – 160 135 - 161 
Organic matter (g kg-1) 21 – 43 35 - 54 29 - 37 40 - 48 44 - 51 35 - 38 
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 Table 3. Planting dates from 2003 to 2004 at Ames, Crawfordsville, and Nashua, IA. 
† Date of planting after 15-Apr 
    Ames Crawfordsville Nashua
2003     13-May 27-May 9-Jun 20-Jun 8-May 22-May 5-Jun 17-Jun 23-Apr 13-May 23-May 5-Jun
2004       
      
             
1-May 16-May 3-Jun 15-Jun 28-Apr 15-May 5-Jun 15-Jun 23-Apr 6-May 20-May 4-Jun
2005 30-Apr 17-May 27-May 15-Jun 28-Apr 11-May 27-May 10-Jun - - - -
Avg. 
daapr15† 20 35 49 63 16 31 48 60 8 25 37 51
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 Table 4. Planting dates from 2004 to 2006 at De Witt, Nevada, and Whiting, IA. 
     De Witt Nevada Whiting
2004       3-May 16-May 27-May 7-Jun 28-Apr 16-May -† 5-Jun 27-Apr 15-May 21-May 3-Jun
2005       
             
             
25-Apr 16-May 24-May 7-Jun 9-May 21-May 27-May 5-Jun 27-Apr 17-May 26-May 6-Jun
2006 24-Apr 7-May 22-May 2-Jun 26-Apr 6-May 19-May 3-Jun 27-Apr 6-May 18-May 1-Jun
Avg. 
daapr15‡ 12 28 39 51 16 29 38 50 12 28 37 49
† Not planted due to weather conditions 
‡ Date of planting after 15-Apr 
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 Table 5. Main effect and interactions for the influence of location, planting date, and seeding rate on grain yield, seed mass, 
seed number, and harvest plant population averaged across years at Ames, Crawfordsville, and Nashua, IA. 
 Yield Seed mass Seed number Harvest plant population 
Location (L) kg ha-1 g 100 seeds-1 seeds m-2 plants ha-1
Ames     
     
     
    
    
    
3358 13.9 2471 312 600
Crawfordsville 3073 12.3 2256 268 700
Nashua 3046 -† - 308 800
              LSD (0.05) NS‡ 0.7 227 30 000 
Planting date (P) 
Late April 3524 12.9 2701 271 000 
Early May 3408 13.0 2595 294 800 
Late May 3184 13.3 2379 309 900 
Early June 2519 13.2 1778 311 300 
LSD (0.05) 144 NS 131 19 000 
Seeding rate (S) 
185 300 3033 12.9 2304 158 600 
308 800 3154 13.1 2342 260 300 
432 300 3239 13.2 2410 343 700 
555 800 3210 13.2 2398 424 300 
LSD (0.05) 74 0.1 66 11 000 
Interactions 
L x P *** NS *** ** 
L x S NS * NS *** 
P x S NS NS * NS 
L x P x S NS NS NS NS 
* Significant at the 0.05 probability level 
** Significant at the 0.01 probability level 
*** Significant at the 0.001 probability level 
† Seed mass and seed number data were not collected at Nashua 
‡ NS = no significant differences at P ≤ 0.05 
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 Table 6. Yield reductions between four planting dates at six locations in Iowa from 2003 to 2006. 
Locations Late Apr - early May 
Early May - 
late May 
Late May - 
early June 
Late Apr – 
early May 
Early May – 
late May 
Late May – 
early June 
 ______________________kg ha-1 week-1________________________ ________________________% week-1 ______________________
Ames 51 c† 106 b 668 a 0.5 c 2.4 b 18.7 a 
Crawfordsville 35 c 133 b 361 a 0.9 c 3.9 b 11.8 a 
Nashua 68 a 126 a 89 a 2.2 a 3.8 a 3.8 a 
De Witt 198 b -9 c 478 a 3.8 b -0.3 c 10.0 a 
Nevada 98 b -100 b 295 a 2.4 b -2.5 c 7.4 a 
Whiting 145 b 366 a 388 a 2.5 b 6.6 a 7.7 a 
Mean       99 104 380 2.1 2.3 9.9
LSD (0.05)‡ NS§ 169 253 NS 4.2 6.6 
† Values followed by the same letter within a location are not significantly different at P ≤ 0.05  
‡ LSD value for comparison between locations within each planting delay 
§NS = no significant differences at P ≤ 0.05 
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 Table 7. Harvest plant population affected by planting date and seeding rate at three locations. Location by planting date and 
location by seeding rate harvest plant population means at Ames and Crawfordsville (2003 to 2005) and Nashua (2003 and 
2004). 
    Ames Crawfordsville Nashua
 _________________________________________________________plants ha-1_________________________________________________________
Planting date    
Late April 265 100 245 100 302 600 
Early May 304 500 262 300 317 700 
Late May 335 800 302 400 291 700 
Early June 345 300 265 200 323 500 
LSD (0.05) ___________________________________________ 42 000 ____________________________________________
    
Seeding rate    
185 300 178 100 143 800 154 000 
308 800 278 600 243 700 258 700 
432 300 356 100 322 400 352 700 
555 800 437 800 365 000 470 200 
LSD (0.05) ____________________________________________ 14 000 _____________________________________________
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 Table 8. Main effect and interactions for the influence of location, planting date, and seeding rate on grain yield, seed mass, 
seed number, and harvest plant population averaged across years at De Witt, Nevada, and Whiting, IA. 
 Yield Seed mass Seed number Harvest plant population 
Location (L) kg ha-1 g 100 seeds-1 seeds m-2 plants ha-1
De Witt 4790 14.8 2931 289 600 
Nevada     
     
    
    
    
3649 14.3 2270 305 700
Whiting 5071 14.7 3098 292 500
LSD (0.05) 202 NS† 134 NS 
Planting date (P) 
Late April 4938 14.8 3000 260 700 
Early May 4648 15.0 2787 287 000 
Late May 4524 14.8 2760 313 900 
Early June 3903 13.9 2520 322 200 
LSD (0.05) 139 0.15 91 16 000 
Seeding rate (S) 
185 300 4341 14.3 2718 176 700 
308 800 4483 14.5 2771 262 300 
432 300 4565 14.7 2793 341 300 
555 800 4625 14.9 2785 403 500 
LSD (0.05) 105 0.14 57 12 000 
Interactions 
L x P *** *** ** NS 
L x S NS NS * NS 
P x S NS NS NS NS 
L x P x S NS NS NS NS 
* Significant at the 0.05 probability level 
** Significant at the 0.01 probability level 
*** Significant at the 0.001 probability level 
† NS = no significant differences at P ≤ 0.05 
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Figure 1. Linear and quadratic relationships between yield and days of planting after 15-Apr for six locations in Iowa from 
2003 and 2006. Black colored symbols and lines represent experiments conducted at Ames (●), Crawfordsville (▼), and 
Nashua (■) and gray colored symbols and lines represent studies conducted at De Witt (●), Nevada (▼), and Whiting (■).  78 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Location by planting date interaction for seed number and seed mass at two locations (Ames and Crawfordsville) in 
Iowa from 2003 to 2005. Vertical bars correspond to seed number and lines correspond to seed mass. Error bars represent ± 
the standard error based on n = 48 for both locations. Nashua data not included due to a single year observation. 
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Figure 3. Location by planting date interaction on seed number and seed mass at three l ations (De Witt, Nevada, and 
Whiting) in Iowa from 2004 to 2006. Vertical bars correspond to seed number and lines rrespond to seed mass. Error bars 
represent ± the standard error based on n = 64, 64, and 96 for De Witt, Nevada, and Whiting, respectively.
oc
 co
S
e
e
d
 
m
a
s
s
 
(
g
 
1
0
0
 
s
e
e
d
s
-
1
)
12.5
13.0
13.5
14.0
14.5
15.0
15.5
Late April Early May Late May Early June
S
e
e
d
 
n
u
m
b
e
r
 
(
s
e
e
d
s
 
m
-
2
)
2000
3000
4000
5000Nevada 
De Witt 
Whiting 
80 
 
 81
Seed number (seeds m-2)
0 1000 2000 3000 4000 5000
G
ra
in
 y
ie
ld
 (k
g 
ha
-1
)
0
2000
4000
6000
8000
120-128 mg seed-1
130-139 mg seed-1
141-149 mg seed-1
150-164 mg seed-1
180 mg seed-1
150 mg seed-1
120 mg seed-1
Grain yield = 1.93(x) -1059  
R2=0.89 
 
Figure 4. Grain yield response to changes in seed number and seed mass at Ames, 
Crawfordsville, De Witt, Nashua, Nevada, and Whiting, IA, from 2003 to 2006.  Solid 
lines are reference lines for three seed masses (mg seed-1 * seed number). The dashed 
line is the regression line for all data points.  
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Chapter 3. SOYBEAN VARIETY AND PLANTING DATE RESPONSE TO 
ENVIRONMENT AND SOIL FUMIGATION 
Paper to be submitted to Agronomy Journal 
Jason L. De Bruin* and Palle Pedersen 
Abstract 
Soybean [Glycine max (L.) Merr.] grain yield can be maximized by planting the last 
week of April or the first week of May. Many soilborne pathogens, such as soybean cyst 
nematode (Heterodera glycines Ichinohe; SCN) often prefer high-yielding environments. 
This study was conducted to determine whether specific varieties need to be selected based 
on planting date in Iowa. The effects of soil fumigation, planting date, and variety selection 
were evaluated at three sites near De Witt, Nevada, and Whiting, IA, during 2005 and 2006. 
These sites vary in rainfall, soil type, and SCN population densities. The yield benefit from 
early planting was environment dependent. In three responsive environments, the yield loss 
from delayed planting reached a maximum of 17 kg ha-1 day-1. Varieties responded similarly, 
with maximum yields at early dates followed by a consistent decline. At one environment 
when planting began on 9-May, Nevada 2005, there was no benefit from early planting and 
the yield of NK-S32-G5 increased 25% as planting was delayed one month. Early season 
stress from soil crusting reduced the benefit from early planting at both Nevada 2005 and 
Whiting 2006. Planting date and variety were influenced by soil fumigation. Soil fumigation 
increased grain yield at the first two planting dates by 8% and yield of the SCN-susceptible 
variety NK-S32-G5 and the SCN-resistant variety P91M90 by 10%. The combination of 
SCN-resistant varieties planted early resulted in the greatest and most consistent yields across 
environments. Our research indicates that producers should focus on selecting high yielding 
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adapted varieties with resistance to SCN when SCN is present in a field, and these varieties 
should be used at all planting dates. 
Introduction 
Soybean varieties have a genetic yield potential that exceeds 6 720 kg ha-1 (Cooper, 
2003) but genetic limits are rarely achieved due to complex interactions between a variety, 
environmental conditions, and biotic stresses (Boyer, 1982). Management decisions such as 
early planting and crop rotation are implemented to increase yield. Planting early improves 
canopy development through increased plant biomass and vegetative nodes (Anderson and 
Vasilas, 1985; Pedersen and Lauer, 2004) but also with the potential for earlier flowering 
during longer photoperiods that can increase pod and seed production (Kanatolic and Slafter, 
2001). Rotating crops and its beneficial effects have been recognized and exploited for 
centuries as a management practice to increase crop yields (Bhowmik and Doll, 1982; 
Peterson and Varvel, 1989) with most of the yield response related to interrupting pest and 
pathogen cycles (Pedersen and Lauer, 2002).  
The two most common soybean diseases in Iowa are SCN and sudden death 
syndrome (Fusarium virguliforme formally called, F. solani f. sp. glycines; SDS), and 
together account for 50% of the state yield loss each year (Wrather et al., 2003). The 
presence of these pathogens within an environment significantly reduces crop yield (Boyer, 
1982; Wrather et al., 2003; Wrather and Koenning, 2006). Corn (Zea mays) and soybean 
rotation is the standard crop rotation in the Upper Midwest but is not completely effective at 
reducing soybean yield loss from pathogens (Porter et al., 1997), especially losses due to 
SCN (Chen et al., 2001). Soybean cyst nematode reduces canopy development (Fallick et al., 
2002), and rotations that do not effectively reduce SCN population densities may influence 
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the yield response from early planting date and make variety selection specific for time of 
planting. 
  A large number of soybean varieties are currently available and differ in herbicide 
and disease resistance. Previous studies have shown that varieties generally respond similarly 
to various production practices. In Wisconsin the varieties Corsoy 79 and Hodgson 78 
responded similarly to tillage, planting date, and row spacing (Oplinger and Philbrook, 
1992). Research has shown little difference between varieties in various tillage systems 
(Elmore 1990; Lueschen et al., 1991), planting date (Elmore 1990), row spacing (Cooper, 
1977; Elmore, 1998), and seeding rate (Elmore, 1991; Lueschen and Hicks, 1977). Due to 
consistent variety response to production practices the general guidelines for variety selection 
has been to select a few adapted high yielding varieties based on multi-location trials (Hicks 
et al., 1992). Selection guidelines have not taken into account the interaction between 
soilborne pathogens, production practices, and variety selection.  
Research conducted with different varieties in the presence of soilborne pathogens 
has identified the importance of variety selection for gaining full benefit from production 
decisions. Grau et al. (1994) were the first in the Upper Midwest to identify the important 
interaction between variety selection and agronomic decisions. They found that planting date 
and row spacing provided no yield benefit when a brown stem rot (Phialophora gregata) 
susceptible variety was used in a field where the pathogen was present. Variety disease 
resistance is a management tool used to reduce yield loss. Selection of these varieties became 
more important in monoculture cropping systems or short crop rotations as pathogen 
populations increased (Adee et al., 1994; Meese et al., 1991). Resistance to SCN has proven 
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beneficial both to reduce SCN reproduction (Wang et al., 2000) and to increase yields in 
environments with SCN (Tylka et al., 2007).  
Soil fumigation has been a classical method of evaluating the influence of root health 
and soilborne pathogens on crop productivity (Warcup, 1976). Past research with soil 
fumigation has given mixed results. In corn, soil fumigation reduced root colonization by 
mycorrhizal fungi enough that phosphorous deficiencies occurred and grain yield was 
reduced (Jawson et al., 1993). Fumigation with 1,3-dichloropropene or metam sodium 
reduced fungal population densities and increased yield for potato (Solanum tuberosum) 
(Hamm et al., 2003). Soybean yield increased significantly when soil infested with southern 
root-knot nematode (Meloidogyne incognita) and SCN was fumigated with ethylene 
dibromide (Weaver et al., 1985). Soybean yield increases in the range of 231 to 268 kg ha-1 
have been reported from soil fumigation (Kittle and Gray, 1982; Von Qualen et al., 1989).  
Stress (biotic and abiotic) on a variety during the season changes plant growth and 
development. The presence of soilborne pathogens such as SCN may reduce the yield benefit 
for early planting, due to stress both early in the season and during the critical yield 
formation period later in the season. It is hypothesized that when SCN is present in an 
environment only SCN-resistant varieties can respond positively to early planting. Soil 
fumigation through modification of fungal and nematode populations present within an 
environment may reduce plant stress and improve the yield potential of all varieties, 
regardless of resistance traits, at an early planting date. The objectives for this research were 
to i) measure the yield response of six varieties to four planting dates in a fumigated and non 
fumigated environment, ii) evaluate the influence of SCN at early planting dates, and iii) 
determine if SCN modifies the response of these varieties to planting date.
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Materials and Methods 
Studies were conducted at three locations in 2005 and 2006 in Iowa. Field sites were 
located near De Witt (fine-silty, mixed mesic, Typic Argiudolls), Nevada (fine-loamy, mixed 
mesic, Typic Halpludolls), and Whiting (fine-silty, mixed mesic, Typic Hapludolls).  
The experimental design was a randomized complete block design in a split-split plot 
arrangement with four replications. The main plot was single replication at each location of 
soil fumigation and non-fumigation, four replications of the split-plot of four planting dates 
beginning in late April (Table 1), and six glyphosate [N-(phosphonomethyl)glycine] resistant 
varieties in the split-split plot. The varieties were P91M90 (Pioneer, Johnston, IA) with 
Peking SCN resistance, NK-S32-G5 (Syngenta Seeds, Minneapolis, MN) with no SCN 
resistance, E2620RX and E2811RX (Latham Seeds, Alexander, IA) with PI437654 SCN 
resistance, SOI2858NRR (Sands of Iowa, Marcus, IA) and S-3012-4 (Stine Seeds, Adel, IA) 
with PI88788 SCN resistance.   
Soil fumigation was conducted in the fall by injecting the fumigant Telone C-35 
(Dow AgroSciences, Indianapolis, IN) at 30 cm soil depth. The Nevada location was 
fumigated in the spring of 2005 due to wet conditions in the fall of 2004. Seeds were 
inoculated with Bradyrhizobium japonicum (EMD Crop BioScience, Brookfield, WI) and 
plots (2.7 m x 6.1 m) were planted in 38 cm row spacing using an Almaco grain drill 
(Almaco, Nevada, IA). Initial SCN population densities were determined by collecting 20 
soil cores (15 to 20 cm deep) from multiple areas in both the fumigated and non-fumigated 
treatments and then averaged. Samples were not collected in this study to determine harvest 
population densities. Samples were processed at the Iowa State University Nematology 
 87
Laboratory following the protocol outlined by Tabor et al. (2003) where cysts are extracted 
from the soil, crushed, and eggs counted at a 1:100 dilution and reported as eggs 100-cm-3.  
Glyphosate was applied twice during the growing season at a rate of 865 g a.e. ha-1. 
The insecticide [Chlorpyrifos 0,0-diethyl-0-(3,5,6-trichloro-2-pyridinyl) phosphorothioate] 
was applied twice at a rate of 0.84 kg a.i. ha-1 in 2005 at De Witt to control spider mites 
(Tetranychus urticae) and soybean aphid (Aphis glycines) and once in 2006 at Nevada to 
control bean leaf beetles (Certoma trifurcate). The insecticide [cyfluthrin (cyano (4-fluoro-3-
phenoxyphenyl)methyl-3-(2,2-dichloroethenyl)-2,2-dimethyl-syclopropanecarboxylate)] was 
applied at 0.49 kg a.i. ha-1 at Whiting in 2005 to control bean leaf beetles. Yield was 
determined by harvesting the center four rows of each plot with an Almaco plot combine 
(Almaco, Nevada, IA), moisture was determined, and yield was adjusted to a moisture 
content of 130 g kg-1.  
Data were analyzed using Proc Mixed in SAS. The experiment in 2005 at the De Witt 
location was excluded because of herbicide carry-over from the previous crop that severely 
stunted soybean growth. The analysis was conducted by treating years and locations as an 
environment (Milliken and Johnson, 1994). Soil fumigation was tested using years and 
environments as replication. The model included the fixed effects environment, soil 
fumigation, planting date, and variety. The interaction between environment and soil 
fumigation was not included as a fixed effect because this term was used as the error term for 
testing the soil fumigation effect. The random terms used in the model were environment x 
soil fumigation and replication x planting date (environment x soil fumigation). Interactions 
were separated using the SLICE command in SAS (SAS Institute, 2003). 
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Results and Discussion 
Soil moisture was a limitation at Nevada in 2006 as season rainfall totals were 37 mm 
below normal (Table 2). Seasonal air temperatures were close to normal at four of five 
environments but were 1.2oC above normal at Nevada during 2006 when rainfall was below 
normal. Soil fumigation did reduce SCN populations but the effect was variable and 
dependent on specific environments and initial SCN population densities. Based on spring 
SCN samples the average egg densities (eggs 100-cm-3) were as follows: De Witt 2006 (non-
fumigated = 12 402 and fumigated = 6 678), Whiting 2005 (non-fumigated = 151 and 
fumigated = 30), Whiting 2006 (non-fumigated = 1 073 and fumigated = 877), Nevada 2005 
(non-fumigated = 4 452 and fumigated = 2 718), and Nevada 2006 (non-fumigated = 1 778 
and fumigated = 1 229).  
This study was established to determine planting date and variety responses to 
different environments and soil fumigation. Strong two-way interactions and one three-way 
interaction were documented among fixed effects (Table 3). Interactions with environment 
are addressed first, followed by interactions with soil fumigation.     
Environment 
Planting date x variety: A planting date by variety interaction was not observed; 
however there was a three-way interaction between environment, planting date, and variety 
for grain yield (Table 3). The interaction was a result of several inconsistent responses of 
varieties to planting date within specific environments, mostly driven by a 25% yield 
increase from delaying planting using the SCN-susceptible variety NK-S32-G5 at Nevada in 
2005 (data not shown). Research has identified that the presence of SCN can increase the 
severity of SDS (Scherm et al., 1998). This variety was susceptible to SDS and incidence of 
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this disease (based on the rating described by Njiti et al., 2003) was as great as 80% for some 
early planted plots (data not shown). Planting later can reduce the incidence of this pathogen 
but grain yield at these later dates has typically not increased due to the importance of early 
planting for maximum yield (Hershman et al., 1990; Wrather et al., 1995). The yield increase 
from delaying planting at Nevada 2005 does not match previous reports but we speculate that 
a combination of reduced SDS and SCN incidence may explain this response. At Whiting in 
2005, yield decreased consistently for each variety as planting was delayed, but in 2006 
yields were similar for the first three planting dates for SOI2858 and S3012-4 and yield of 
the other varieties decreased (data not shown). Yield for each variety consistently declined as 
planting was delayed at the other locations.  
Planting date: The yield response to planting date was not consistent among 
environments (Table 3). Three of the five environments responded positively to early 
planting dates. Whiting in 2005 was the most responsive environment and yield decreased 17 
kg ha-1 day-1 between 27-Apr and 17-May and continued to decrease 57 and 86 kg ha-1 day-1 
as planting was delayed to 26-May and 6-Jun, respectively (Table 4). Between 24-Apr and 7-
May at De Witt in 2006, yield decreased 184 kg ha-1 with an average reduction of 14 kg ha-1 
day-1. Initial planting occurred on 26-Apr at Nevada in 2006 and yield was 218 kg ha-1 
greater than when planting occurred on 6-May (Table 4).  
Two environments did not respond to early planting. No yield difference was found 
among the different planting dates at Nevada in 2005 and between the first three planting 
dates at Whiting in 2006 (Table 4). Two reasons may explain this response. At Nevada, 2005 
planting first occurred on 9-May because fumigation occurred in the spring. Based on the 
three responsive environments the greatest yield benefit from early planting occurred during 
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the last week of April or first week of May. A second reason that applies to both locations 
was heavy rainfall just after the first planting date, which caused soil crusting and slowed 
plant growth. Studies show early planting to be beneficial, but there are cases where the 
response to planting date is location and year specific depending on environmental conditions 
(Elmore, 1990; Lueschen et al., 1992; Pedersen and Lauer, 2003).   
Variety: A strong variety by environment interaction was found mainly because of 
inconsistent variety responses at the different environments (Table 3). Grain yield was 18% 
greater for the highest yielding variety compared to the lowest yielding variety at Whiting in 
2005. This difference increased to 71% at Nevada in 2006 (Table 5). These environments are 
the greatest contrast, as Whiting in 2005 had adequate rainfall (Table 2) and low SCN 
population densities (<200 eggs 100cc soil-1) and Nevada in 2006 had below normal rainfall 
(Table 2) coupled with high SCN population densities (>1000 eggs 100cc soil-1). Three 
varieties in particular performed inconsistently among environments. The variety 91M90 
performed very well at Whiting in both 2005 and 2006 with yields equal to the highest 
yielding variety. This variety did not perform well at the other environments, especially at 
Nevada as yield was 15 and 25% lower in 2005 and 2006 than the highest yielding variety, 
respectively (Table 5). This variety was the only variety with Peking source of SCN 
resistance indicating that the HG types of SCN at this locations may not have been controlled 
using this variety.   
The SCN-susceptible variety NK-S32-G5 did not perform well at any of the 
environments but yield, compared to SCN-resistant varieties,  was reduced more at De Witt 
and Nevada than at Whiting (Table 5). Soybean cyst nematode population densities were low 
at Whiting in 2005 and just above damage threshold (Niblack et al., 1992). At these SCN 
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population densities resistant varieties achieved yields 335 kg ha-1 greater than the 
susceptible variety. The yield difference increased to as much as 1 205 kg ha-1 at Nevada in 
2006 when SCN population densities were above damage threshold and drought conditions 
persisted through much of the season. The variety E2620RX performed well at all 
environments. In a high yielding environment such as Whiting in 2005 (yields as great as 5 
886 kg ha-1), this variety did have lower yields than the highest yielding varieties but it 
produced yields not significantly different from the top variety in 2006 at De Witt and 
Whiting (Table 5). At Nevada this variety produced the highest yields during both years of 
the study, with yields 6% greater than the second highest yielding variety and 71% greater 
than the SCN-susceptible variety. The other SCN-resistant varieties E2811RX, SOI2858, and 
S-3012-4 performed consistently well at all environments and were either the top yielding 
variety or produced yields not different from the top variety (Table 5).   
Soil Fumigation 
Planting date: There was no fumigation by planting date by variety interaction 
indicating that fumigation did not alter the response to planting date for any of the varieties. 
Interactions with soil fumigation between planting date and variety were observed and 
support the idea that modification of the SCN population density did influence plant growth 
and yield formation (Table 3). Soil fumigation reduced nematode population densities 18 to 
80%, depending on environment and initial SCN population densities. Seedling diseases 
(Pythium spp., Rhizoctonia spp., and Phytophthora spp.) were also reduced by soil 
fumigation (Murillo-Williams, 2007). Early planting provided the opportunity to achieve the 
greatest yield in four of the five environments. Soil fumigation further increased the response 
to early planting by 11 and 9% at the first two planting dates (Table 4). The yield increase 
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was a result of greater seed number m-2 with no change in seed mass (data not shown). This 
yield result is in line with the understanding that i) early planting increases yield due to 
increased seed number (see pp. 74 and 77 ), ii) the reduction in plant growth from increasing 
SCN populations (Alston and Schmitt, 1987), and iii) there is a positive relationship between 
crop growth and seed number (Elgi and Zhen-wen, 1991; Jiang and Egli, 1995) Early 
planting, in the non-fumigated soil, improved grain yield by approximately 112 kg ha-1 
(Table 4). Reduction of SCN and seedling diseases by soil fumigation increased grain yield 
an additional 473 kg ha-1 at the late April planting date. Equivalent grain yields were 
achieved in soil fumigated conditions as late as the end of May compared to the late April 
planting date in non-fumigated conditions (Table 4). These results support our hypothesis 
that a reduction in plant stress caused by SCN, in combination with the benefits of planting 
early, had an even greater effect on yield. Plant growth changes were not measured in this 
study, but in order to increase seed number and grain yield, plant growth must be improved 
during the critical period (R1 to R5) of yield formation (Egli and Zhen-wen, 1991). We 
speculate that these growth changes are a direct response to reduced pathogen levels. 
Variety: A variety by fumigation interaction was found. Soil fumigation increased 
yield of NK-S32-G5 by 11% and P91M90 by 12%. The response from NK-S32-G5 was 
expected, because varieties susceptible to SCN may benefit more from reductions in SCN 
population density through soil fumigation than varieties with SCN resistance. This provides 
evidence that the presence of SCN reduces the yield of a susceptible variety and the variety 
with Peking SCN resistance more than varieties with PI88788 and PI437654 SCN resistance. 
HG Type (Niblack et al., 2002) was not assessed in this experiment. Genetic diversity and 
size of SCN populations at the five environments and differences in variety resistance could 
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potentially explain some of the environment by variety and fumigation by variety 
interactions. This research indicates that varieties differ in yield potential and in their ability 
to produce grain in the presence of stress factors. Soil pathogens reduce crop yield and, 
estimated from this research, small changes in SCN and fungal populations can increase yield 
approximately 208 to 430 kg ha-1, depending on a variety’s source of SCN resistance.  
Within specific environments the benefit of matching a variety to environmental 
conditions and soilborne pathogens can change grain yield substantially. Not accounting for 
the presence of SCN during variety selection removed any benefit for early planting in a 
specific environment. High-yielding varieties were always high-yielding varieties, regardless 
of environment, and were the most responsive to early planting (Table 5). Soybean cyst 
nematode resistant varieties achieved greater and more consistent yields compared to the 
SCN-susceptible variety in both high and low yielding environments. Soil fumigation 
identified that yield losses from soil pathogens are an unavoidable consequence but can be 
reduced by careful variety selection. 
Conclusions 
Early planting date is one of the most important ways to increase grain yield potential 
for soybean production in Iowa. Averaged across environments, planting early was beneficial 
and is in agreement with previous research. In general, planting early never reduced yields 
but if soil crusting occurred in early planted plots there was no yield response to planting 
date. Variety selection was critical for achieving high yields and became increasingly 
important in environments where both biotic and abiotic stresses limit plant growth. 
Resistance to SCN was important for maximizing yield in all environments, even when there 
were low SCN population densities. Soil fumigation increased yield at early planting dates 
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and for the SCN-susceptible variety, indicating that soil pathogens reduce yield and use of 
varieties with disease resistance is necessary for achieving high yields. Rarely did varieties 
not respond or respond negatively to early planting and those that did were also the lowest 
yielding varieties. It was concluded that soybean producers in Iowa should focus on selecting 
stable, high-yielding varieties with resistance traits, especially SCN resistance, regardless of 
location and planting date. 
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 Table 1. Calendar dates for the four planting dates at three locations for the 2005 and 2006 growing seasons. 
   Location Year Planting date
     1 2 3 4
De Witt 2006 24-Apr   7-May 22-May 2-Jun 
Nevada 2005      9-May† 21-May  27-May 5-Jun 
 2006 26-Apr   6-May 19-May 3-Jun 
2005     27-Apr 17-May  26-May 6-JunWhiting 
2006 27-Apr   6-May  18-May 1-Jun 
† Planting occurred later due to spring soil fumigation rather than fall fumigation as for the other environments.
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Table 2. Rainfall and air temperature data recorded at the three experimental locations during 2005 and 2006. Deviations 
from the 30 yr average are shown in parentheses. 
   May June July August Average 
Year
 
            
          
Location
 
Air 
temp. Rainfall
Air 
temp. Rainfall
Air 
temp. Rainfall
Air 
temp. Rainfall
Air 
temp. Rainfall
oC mm oC mm oC mm oC Mm oC mm
Nevada 15.8 (-0.6)†      85 (-27) 23.1 (1.8) 136 (12) 24.0 (0.6)   78 (34) 21.7 (-0.3) 147 (31) 21.2 (0.4) 112 (13) 2005 
Whiting‡ 
 
16.6 (-0.2) 102 (-6) 23.5 (1.6)   101 (6) 24.6 (0.4)   72 (23) 22.1 (-1.0)   96 (15) 21.7 (0.2) 93 (10) 
           
De Witt  16.1 (-0.7) 165 (65) 22.8 (1.1)    69 (-36) 24.6 (0.7) 107 (17)  22.6 (-0.1) 132 (15) 21.5 (0.3) 118 (15) 
Nevada 17.3 (0.9)    53 (-58) 24.1 (2.7)    22 (-97) 24.5 (1.1)    85 (-31) 22.1 (0.1) 158 (40) 22.0 (1.2) 80 (-37) 2006 
Whiting 16.8 (0.1)    60 (-47) 24.1 (2.1)    51 (-51) 25.0 (0.8)    68 (-27)  22.3 (-0.7)   212 (127) 22.1 (0.6) 98 (0.5) 
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† 30 year averages determined based on weather station data from Clinton, Ames, and Onawa, IA for De Witt, Nevada, and 
Whiting, respectively.  
‡ Irrigation at Whiting in 2005 was 24 mm on 18-Jul and 34 mm on 7-Aug; in 2006 was 13 mm on 20-May, 26 mm on 16-Jun, 25 
mm on 10-Jul, 13 mm on 17-Aug, and 13 mm on 19-Aug.  
 Table 3. Analysis of variance evaluating environment, soil fumigation, planting date, and 
soybean variety effects on grain yield, at five environments during 2005 and 2006.  
Source of variation df Grain yield 
  Pr>F 
Environment (E) 4    0.0017 
Soil fumigation (F) 1    0.0580 
Error 4  
Planting date (P) 3  <0.0001 
E x P 12  <0.0001 
F x P 3    0.0154 
Error 133  
Variety (V) 5  <0.0001 
E x V 20  <0.0001 
F x V 5    0.0014 
P x V 15    0.4523 
E x P x V 60    0.0189 
F x P x V 15    0.5567 
Error 665  
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 Table 4. Grain yield response of six soybean varieties to four planting dates and two soil 
fumigation treatments at five environments. 
 Planting date 
 Late April Early May Late May Early June 
 ___________________________________________kg ha-1_________________________________________
Environment     
Nevada (2005)† 4096 4152 4168 4190 
Whiting (2005) 5886 5539 5025 4071 
Nevada (2006) 3412 3194 3204 2948 
De Witt (2006) 4593 4409 4099 3772 
Whiting (2006) 5031 4954 4980 4449 
LSD (0.05) 422 
     
Soil fumigation     
Non-fumigated 4367 4255 4244 3804 
Fumigated 4840 4644 4347 3967 
Pr>F **‡ * NS§ NS 
* Significant at the 0.05 probability level 
** Significant at the 0.01 probability level 
†The first planting date did not occur until 9-May with other dates of 21-May, 27-May, and 5-
June. 
‡Soil fumigation by planting date interaction was separated using the SLICE command in SAS 
and differences between the fumigated and non-fumigated treatment are reported specifically for 
each variety. 
§Not significantly different at P≤0.05 
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 Table 5. Grain yield response of six varieties grown at five environments and in the presence and absence of soil 
fumigation. 
  Variety
      E2620RX E2811RX NK-S32-G5 P91M90 S-3012-4 SOI2858
 _________________________________________________________________kg ha-1_______________________________________________________________
Environment      
      
 
Nevada (2005) 4541 4268 3621 3857 4292 4329 
Whiting (2005) 4999 4987 4652 5313 5494 5335 
Nevada (2006) 3747 3462 2185 2773 3450 3520 
De Witt (2006) 4319 4093 3646 4177 4488 4587 
Whiting (2006) 4817 4612 4391 4909 5258 5134 
LSD (0.05) 379 
 
Soil fumigation       
       
       
       
Non-fumigated 4347 4185 3509 3965 4511 4488
Fumigated 4622 4384 3889 4446 4682 4673
Pr>F NS†‡ NS * ** NS NS
* Significant at the 0.05 probability level 
** Significant at the 0.01 probability level 
† Not significantly different at P≤0.05 
‡ Soil fumigation by variety interaction was separated using the SLICE command in SAS and differences between the fumigated 
and non-fumigated treatment are reported specifically for each variety.  
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Chapter 4. EFFECT OF SOIL FUMIGATION, ROW SPACING, AND SEEDING 
RATE ON SOYBEAN YIELD 
A paper to be submitted to Agronomy Journal 
Jason L. De Bruin and Palle Pedersen 
Abstract 
Soybean [Glycine max (L.) Merr.] yield response to narrow row spacing has been 
consistently positive in the Upper Midwest and new split-row planters have made narrow 
row soybean production more feasible, yet adoption has been slow in Iowa. Two row 
spacings and four seeding rates were evaluated at three locations for three years to i) 
determine grain yield due to changes in row spacing and seeding rate and identify potential 
interactions, ii) evaluate the possible role soil pathogens have on the yield response to row 
spacing and seeding rate, and iii) evaluate economic advantages associated with changes in 
row spacing. Soil fumigation was used as a method to reduce fungal and nematode 
populations. A fumigation by seeding rate interaction was found for harvest plant population. 
Soil fumigation increased harvest plant population 12%, grain yield by 236 kg ha-1, and plant 
height by 3 cm over non-fumigated soil, but did not influence seed mass. Soybean planted in 
38 cm rows yielded 302 kg ha-1 greater than soybean planted in 76 cm rows. In general, as 
seeding rate increased so did seed mass, harvest plant population, and plant height. 
Regardless of row spacing, seeding rates greater than 309 000 seeds ha-1 did not increase 
yield and final populations as low as 207 000 plants ha-1 were sufficient to reach yields 
equivalent to the highest yields based on a non-linear response model. Economic sensitivity 
analysis indicated that a farm greater than 288 hectares with at least 30% dedicated to 
soybean production would still benefit from investing in a split-row planter if a yield increase 
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of 76 kg ha-1 could be achieved with narrow rows. It was concluded that yield and economic 
benefits associated with narrow row spacing exist for soybean production in Iowa and 
producers could benefit by converting to narrow row soybean production.   
Introduction 
Soybean production in the 1960’s and decades following was conducted using wide 
row spacing greater than or equal to 76 cm (Taylor, 1980; Weber et al., 1966). Within the last 
two decades there has been a trend toward soybean production in rows less than 76 cm row 
spacing. Current estimations indicate that the average row spacing for soybean production in 
Iowa is 57 cm with the majority of acres planted using 19 cm (14%), 38 cm (31%), and 
greater than or equal to 76 cm (50%) row spacing (National Agricultural Statistics Service, 
2007). Lee (2006) indicated reduced row spacing (less than 76 cm) produced a positive 
response in northern environments but a less consistent response south of 43oN latitude. 
Based on this, producers in Iowa may not gain as much yield benefit from narrow row 
soybean production as producers further north. New split-row planting equipment may allow 
production of corn and soybean at row spacing optimal for each crop. Increased equipment 
costs and the potential for small yield increases may keep producers from investing in this 
planting technology.   
Numerous research trials conducted in the Upper Midwest and Canada consistently 
show a yield benefit from narrow rows (<76 cm) over wider rows ranging from 134 to 604 
kg ha-1 (Ablett et al., 1991; Bullock et al., 1998; Buzzell et al., 1993; Cooper, 1977; Grau et 
al., 1994; Lueschen et al., 1992; Oplinger and Philbrook, 1992; Weber et al., 1966). 
However, there are instances where there was no yield response to narrow row spacing 
(Pedersen and Lauer, 2003), the magnitude of the response was location and year specific 
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(Lueschen et al., 1992), the response was variety dependent (Grau et al., 1994), and the 
response varied for planting date and tillage system (Oplinger and Philbrook, 1992).  
One of the major advantages of narrow row spacing is more equidistant plant spacing, 
increasing the development of leaf area and leading to an increase in light interception 
(Shibles and Weber, 1966; Weber et al., 1966). When these changes occur early in the season 
they improve early season growth (Bullock et al., 1998) and lead to increased crop growth 
rate, dry matter accumulation, and light interception during the critical phase of yield 
development, increasing grain yield (Andrade et al., 2002; Bullock et al., 1998). Increased 
light interception from narrow rows is the major factor for increasing crop growth rate and 
grain yield (Andrade et al., 2002; Egli, 1994; Shibles and Weber, 1966; Weber et al., 1966). 
Environmental factors that increase plant stress and reduce canopy development potentially 
reduce the benefit to narrow row spacing (Taylor, 1980). 
Research has documented that environmental stress can reduce the benefit to narrow 
row spacing soybean production. Specific stresses that have been documented to reduce 
narrow row spacing yield benefit are moisture stress in Kansas (Devlin et al., 1995), 
Nebraska (Elmore 1998), Texas (Heitholt et al., 2005), North Dakota (Alessi and Power, 
1982), and in Iowa (Taylor, 1980). Other stress factors that reduced yield in narrow rows 
were nitrogen stress (Cooper and Jeffers, 1984) and increased seeding rates in dry, low yield 
potential environments (Elmore 1998; Devlin et al., 1995). However, Weber et al. (1966) 
hypothesized the benefit to reduced row spacing would be minimized in more productive 
environments, while stressful production environments would benefit the most from reduced 
row spacing.   
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Abiotic stress has been shown to reduce the benefit of narrow rows but little research 
has been conducted to determine the interaction between biotic stress and production 
practices. Grau et al. (1994) determined that the presence of brown stem rot (Phialophora 
gregata) reduced any yield benefit to narrow row spacing and early planting for a susceptible 
variety (Corsoy 79). The major soil biotic stresses in Iowa include soybean cyst nematode 
(Heterodera glycines Ichinohe; SCN), sudden death syndrome (SDS) (Fusarium virguliforme 
(previously know as F. solani f. sp. glycines) (Aoki et al., 2003), and seedling diseases 
(Wrather et al., 2003). These pathogens place a stress on the crop that may limit growth and 
canopy development and limit the yield benefit from narrow row spacing. Pedersen and 
Lauer (2003) speculated that the entry of SCN into a rotation study removed any benefit from 
planting soybean in narrow row spacing.  
Increased seeding rates could potentially be used in a narrow row system to maximize 
space utilization. Prior research indicates that optimal seeding rates increase in a narrow row 
spacing system (Devlin et al., 1995; Oplinger and Philbrook, 1992; Weber et al., 1966). A 
concern, though, is that as seeding rate increases plant competition increases, potentially 
generating stress on the canopy and reducing the benefit to narrow row spacing, especially 
when environmental conditions limit plant growth (Elmore 1998; Devlin et al., 1995).  
Despite positive yield reports there has not been complete adoption of narrow row 
soybean production in Iowa. An important factor is that corn (Zea mays L.) has not shown a 
consistent, beneficial yield response to narrow row spacing (< 76 cm) (Hallman and 
Lowenberg-DeBoer, 1999, Westgate et al., 1996; Farnham, 2001). New equipment options 
utilizing split-row units (additional units placed between the 76 cm spacing that can be raised 
or lowered depending on crop) increase the price of one piece of equipment, but may allow 
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yield optimization of both crops. A potential limitation for narrow adoption has been the 
increased incidence and severity of Sclerotinia stem rot (Sclerotinia sclerotiorum) (Grau and 
Radke, 1984). However, other research indicates that variety selection (Buzzell et al., 1993) 
and plant populations (Lee et al., 2005) are more important factors for disease development. 
Previous research conducted on row spacing in Iowa by Weber et al. (1966), Shibles 
and Weber (1966), and Taylor (1980) indicated a positive yield response to narrow row 
spacing. Despite the positive benefit, growers in Iowa have not adopted narrow row 
technologies (National Agricultural Statistics Service, 2007), and this may limit soybean 
productivity in the state.   
The primary hypothesis for this study is that narrow row spacing, due to improved 
canopy development, will produce greater yields than wide row spacing. A secondary 
hypothesis is that soilborne pathogens reduce the yield benefit of narrow row spacing. The 
objectives for this study are to i) determine grain yield for changes in row spacing and 
seeding rate and identify any interactions, ii) evaluate the possible role soil pathogens have 
on yield response to row spacing and seeding rate, and iii) measure costs and revenues 
associated with changes in row spacing. 
Material and Methods 
Studies were conducted at three locations during 2004 to 2006. The locations were in 
eastern Iowa near De Witt (fine-silty, mixed mesic, Typic Argiudolls), central Iowa near 
Nevada (fine-loamy, mixed mesic, Typic Halpludolls), and western Iowa near Whiting (fine-
silty, mixed mesic, Typic Hapludolls). The experiment was a randomized complete block in a 
split-split plot arrangement with four replications. The main plot was a single replication of 
soil fumigation and non-fumigation, the split-plot was two row spacings of 38 and 76 cm, 
 110
and the split-split plot was four seeding rates of 185 000, 309 000, 432 000, and 556 000 
viable seeds ha-1. The glyphosate [N-(phosphonomethyl)glycine] resistant variety used in this 
study was AG2801 (Monsanto Company, St. Louis, MO).  
Fumigation was conducted in the fall by injecting the fumigant Telone C-35® (Dow 
AgroSciences, Indianapolis, IN). At Nevada in 2005 fumigation was conducted in the spring 
due to wet conditions in fall 2004. Telone C-35®, a combination of 1,3 dichloropropene 
(nematicide) applied at 199 kg a.i. ha-1 and chloropicrin (nematicide and fungicide) applied at 
113 kg a.i. ha-1, was injected 30 cm in the soil followed by a roller to pack the soil. 
Fumigation was conducted in the fall rather than the spring to allow for early spring planting 
and still meet label recommendations to apply the fumigant when soil temperature was 
greater than 10 oC. Prior to fumigation corn stalks were shredded and multiple tillage passes, 
either disking (Whiting) or plowing (Nevada and De Witt), were conducted to remove 
existing residue from the soil surface and minimize volatilization of the fumigant.  
Plots were planted the last week of April using an Almaco grain drill (Almaco, 
Nevada, IA) for all locations except Nevada in 2004 when plots had to be replanted the first 
week of June due to flooding. Plot size was 2.7 m wide by 6.1 m long. Prior to planting all 
seed was inoculated with Bradyrhizobium japonicum (EMD Crop BioScience, Brookfield, 
WI). In 2005 planting occurred the second week of May at Nevada due to spring fumigation 
and a required three-week interval between fumigation and planting. Glyphosate was applied 
twice during the season at a rate of 865 g a.e. ha-1. The insecticide [Chlorpyrifos 0,0-diethyl-
0-(3,5,6-trichloro-2-pyridinyl) phosphorothioate] was applied at a rate of 0.84 kg a.i. ha-1 
twice at De Witt during 2005 to control soybean aphid (Aphis glycines) and spider mites 
(Tetranychus urticae) and at Nevada in 2006 to control bean leaf beetles (Certoma 
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trifurcate). At Whiting in 2005, cyfluthrin[cyano (4-fluoro-3-phenoxyphenyl)methyl-3-(2,2-
dichloroethenyl)-2,2-dimethyl-syclopropanecarboxylate] was applied at 0.49 kg a.i. ha-1 to 
control bean leaf beetles 
Yield was determined by harvesting four 38 cm rows and two 76 cm rows with an 
Almaco plot combine (Almaco, Nevada, IA) and adjusted to a moisture content of 130 g kg-1. 
Other measurements taken at harvest were final plant population, plant height, and seed mass 
based on a sample weight of 300 seeds.  
Partial budget analysis compared three farm sizes and different corn and soybean 
rotations. Farm size ranged from the state average of 144 (National Agricultural Statistics 
Service, 2007) to 1294 hectares. The corn-soybean rotations were 50/50, 60/40, or 70/30. The 
standard practice considered was corn and soybean planted in 76 cm row spacing. The 
second practice considered was that a split-row planter was purchased and corn was planted 
using 76 cm row spacing and soybean was planted at 38 cm row spacing. Corn was not 
considered in this analysis because it was assumed to always be planted in 76 cm row 
spacing and its expenses and revenues would not change. Soybean grain price was 
determined following the method of Stanger and Lauer (2006) where 50% of the crop was 
sold in November and 25% of the crop forward marketed to both March and July. An 
average five-year cash price of $0.203 kg-1 was determined from production years 2001 to 
2005 (National Agricultural Statistics Service, 2007). Future prices for March ($0.239 kg-1) 
and July ($0.246 kg-1) were based on the Chicago Board of Trade on 5-Dec, 2006 and were 
adjusted for basis. The final sale price was $0.213 kg-1. Seed cost was set at $1.2 kg-1 (Duffy 
and Smith, 2006). The cost of the different planters was estimated by gathering price 
information from the three most commonly used brands in IA (John Deere, Moline, IL; 
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Kinze Manufacturing, Williamsburg, IA; Case IH, Racine, WI). The cost difference among 
manufactures was consistent. The purchase of a 12-row split planter compared to a traditional 
12-row planter increased purchase price by $18 000. The price difference for a 16-row 
planter was $22 000. Ownership costs (depreciation, interest, and insurance) were estimated 
at $2 275 year-1 to purchase a 12 row split-row planter compared to purchasing a 12 row 
planter without split rows. The additional ownership costs for a 16 row split-row planter were 
$2 781 year-1 but were not considered in the analysis. Larger farms should consider the 16 
row planter based on the estimate of 5.87 vs. 4.65 ha hour-1 for a 16 row planter vs. a 12 row 
planter (Hanna, 2002). The planter was assumed to have a useful life of 10 years and a 
salvage value of 0.40. An interest rate of 0.08 was used to determine interest costs with the 
split-row planter. Insurance was increased based on a rate of 0.005 for the increase in 
equipment cost (Edwards, 2005). Repair cost differences between a conventional and split-
row planter were not evaluated. 
Data from De Witt, 2005 could not be included in the dataset because of herbicide 
carry over from the previous year corn crop. Data were analyzed using Proc Mixed in SAS 
(SAS Institute, 2003). Variance was determined to be homogenous based on residual plots 
and data were analyzed in a combined analysis.  Because there were no interactions between 
treatments and locations the variables year, location, and replication were considered random 
and soil fumigation, row spacing, and seeding rate were considered fixed. Regression 
analysis was conducted in SAS using Proc NLIN to determine the coefficients for the 
asymptotic relationship between yield and harvest plant populations.  
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Results and Discussion 
Growing conditions, especially rainfall patterns, were variable among locations and 
years. Heavy May rainfalls at Nevada (2005), De Witt (2006), and Whiting (2006) caused 
soil erosion and crusting and contributed to lower than expected emergence. Dry conditions 
persisted at Nevada and Whiting in 2006 when rainfall was 58 and 97 mm below normal at 
Nevada and 47 and 51 mm below normal at Whiting (Table 1) during May and June. At 
Nevada, this potentially contributed to yields that were lower than previous years of the 
study. At Whiting, yields were close to previous years and may be attributed to irrigation at 
regular intervals during the season (Table 1). Plots were irrigated at Whiting but accumulated 
rainfall totals were below long-term average (Table 1).   
Grain Yield 
 Grain yield increased 5% with soil fumigation compared to no soil fumigation (Table 
2). In a planting date study (see p. 55) using the same soybean variety at the same three 
environments, there was no significant yield response to soil fumigation but the trend toward 
increased grain yield was consistent.  
This study was established at three locations that varied in yield potential. Whiting 
and De Witt were both high-yielding locations and Nevada was a lower-yielding location due 
to its soil characteristics and high pathogen pressure from SCN (see p. 155), SDS, and 
seedling diseases (Murillo-Williams, 2007). This range in environmental yield potential 
presented the opportunity to investigate the theory posed by Weber et al. (1966) that high-
yielding environments do not benefit as much from reduced row spacing. There was no 
location by row spacing interaction but mean differences among location and row spacings 
average 386 kg ha-1 at De Witt and Nevada compared to 148 kg ha-1 at Whiting between 38 
 114
and 76 cm row spacing (data not shown). The lack of a significant location by row spacing 
interaction and the average yield increase of 302 kg ha-1 between 76 and 38 cm row spacing 
would still support the benefit of narrow rows regardless of location conditions (Table 2). 
This increase is very consistent with other reports in the Upper Midwest (Bullock et al., 
1998; Lueschen et al., 1992; Oplinger and Philbrook, 1992; Taylor et al., 1980).  
There was no row spacing by seeding rate interaction (Table 2), indicating that 
seeding rates should not be changed when row spacing is reduced. Grain yield increased 
from 4 441 to 4 646 kg ha-1 as the seeding rate increased from 185 000 to 309 000 seeds ha-1 
but did not increase with greater seeding rates (Table 2). Final plant populations of 252 000 
plants ha-1 were sufficient to reach maximum yield. The relationship between grain yield and 
harvest plant population was best fit by a non-linear response (Figure 1). The equation was 
determined based on population means and was [yield = 4 689*(1-EXP^ (-0.000018*plants 
ha-1))]. Based on this equation the rate of yield increase dropped below 1 kg ha-1 for every 
additional 1000 plants ha-1 at harvest populations greater than 250 000 plants ha-1 and was 
close to the final plant population of 252 000 plants ha-1 necessary to achieve maximum yield 
(Table 2). The LSD (P≤0.05) used for mean separation between seeding rates was 93.7 kg ha-
1. Using the maximum yield value of 4 670 kg ha-1 (Table 2) and the predictive yield 
equation, non-significant yield differences were attained at plant populations as low as 207 
000 plants ha-1. This type of response is similar to previous observations by Carpenter and 
Board (1997), Egli (1988), and Weber et al. (1966) that soybean does have the ability to 
compensate for space in the canopy and maintain grain yield. 
Seed Mass 
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Soil fumigation and row spacing did not influence seed mass; however, as seeding 
rate changed from 185 000 to 556 000 seeds ha-1 seed mass increased from 14.5 to 14.9 g 100 
seeds-1 (Table 2) This response in seed mass to seeding rate has been documented in a second 
study using the same soybean variety (see p. 63) and was attributed to the increased 
production of pods on the main stem rather than on branches. Previous work has shown that 
seed number is a more important determinate of grain yield than seed mass (Board et al., 
1999; Egli and Zhen-wen, 1991). The increase in seed mass without a concurrent increase in 
grain yield indicates this response was compensated for by reduced seed number m-2 at 
higher seeding rates as shown in another study (see pp. 74 and 77). 
Plant Height 
 Plant height was influenced by soil fumigation and by seeding rate but not by row 
spacing (Table 2). Soil fumigation increased plant height by 3 cm. Fumigation reduced SCN 
populations and previous research has indicated that plant height is negatively associated 
with the presence of SCN (Niblack et al., 1992). Seeding rates of 432 000 and 556 000 seeds 
ha-1 increased plant height 2 and 4 cm, respectively, compared to lower seeding rates (Table 
2). This agrees with Elmore (1991) who also documented increased plant height to increased 
plant population but only as final stands were greater than 346 000 plants ha-1. Lodging was 
not a significant problem at harvest in either fumigated or greater plant population plots (data 
not shown).   
Harvest Plant Population 
A fumigation by seeding rate interaction was found for harvest plant populations 
(Table 2). Harvest plant population at the 432 000 seeds ha-1 was 12% greater in the 
fumigated compared to the non-fumigated soil conditions. No differences on final harvest 
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populations were found among the other seeding rates. Soil fumigation and narrow row 
spacing improved final plant populations by 13 000 and 41 000 plants ha-1, respectively 
(Table 3). Plant loss is a function of plant stress both from soil pathogens and intra plant 
competition. Soil fumigation reduced seeding diseases (Murillo-Williams, 2007) but stand 
counts were not taken in the spring to determine if the difference in plant loss occurred 
between germination and emergence or emergence to harvest. Differences in plant stand 
could partially account for the yield difference between these treatments but final populations 
for both the non-fumigation and wide row spacing treatments were greater than plant 
population levels previously shown to be sufficient for maximum grain yield (Devlin et al., 
1995; Egli, 1988; Elmore 1991; Whigham and Lundvall, 1996). Increased plant 
establishment using narrow row spacing presents an opportunity for producers to minimize 
the risk of a poor stand when reducing their seeding rate. 
Economic Return 
Ownership cost increased an average of $2 275 year-1 for the purchase of a 12 row 
split-row planter. Sensitivity analysis that factored in farm size and land area dedicated to 
soybean production and three different levels of yield response to narrow rows indicated that 
in the majority of cases the change from wide to narrow rows was cost-effective (Table 4). 
This is in agreement with the results of Lambert and Lowenberg-DeBoer (2003). Only five of 
the farm size and soybean production combinations presented in Table 4 indicated that the 
conversion to narrow row spacing would not be profitable. The majority of the cost increase 
is a fixed cost. Larger farms and farms with a greater percentage of land in soybean 
production would benefit more from the change to narrow rows due to economics of scale. 
Based on this analysis smaller farms (<144 ha) should not invest in narrow row equipment 
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unless 50% of the land base is planted to soybean and there is a yield benefit of 151 kg ha-1 
(Table 4). Farms that are 288 ha or greater, with a land base greater than 30% dedicated to 
soybean production, would benefit financially by changing to a narrow row system as long as 
a yield increase of 76 kg ha-1 can be attainted.  
The profit difference between 38 and 76 cm row spacing can be calculated based on 
the following equation when a 12 row planter is used: 
change in profitability = [((kg ha-1 * $0.213 kg-1) + ($6.48*ha))] –[ (2275 + ($0.00054 
kg-1 * kg ha-1)*ha))] 
 The equation is based on the follow assumptions about revenue and costs where ha 
refers to area of soybean production. The increased profit factors are kg ha-1 and refer to the 
yield difference between 76 and 38 cm row spacing and the $6.48 ha-1 refers to reduced 
production costs based on a reduced seeding rate in narrow row spacing to account for 
greater plant establishment. The opportunity for reduced seeding costs contributed very little 
to changes in profitability and could be removed from the profit equation (data not shown). 
The increased costs of narrow row spacing production are the ownership costs ($2 275 for a 
12-row split row planter or 2 781 for a 16-row split row planter)) and $0.00054 kg-1 accounts 
for the increased hauling and handling charges associated with any increase in grain yields. 
Yield increases of 17 to 248 kg ha-1 yield were necessary, depending on farm size and 
soybean production, to achieve an economic benefit for the conversion to reduced row 
spacing (Table 5). The risk associated with purchasing a narrow row planter decreases 
dramatically as farm size increases, although small farms could expect a return on this 
investment because the overall yield benefit from this study and other reports support that 
narrow row spacing will increase yield by an amount greater than 248 kg ha-1 (Table 5). This 
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study only determined costs based on the purchase of new equipment. The purchase of used 
equipment would reduce one or more of the following requirements: farm size, soybean 
production acres, and yield gain necessary to achieve economic benefit from narrow row 
soybean production. 
Conclusion 
The large soybean producing states of Illinois and Indiana use row spacing less than 
76 cm) while Iowa still predominately uses row spacing 76 cm or greater.  This study 
documented the benefit associated with narrow row spacing (less than 76 cm) for soybean 
production in Iowa. Increased profitability was largely associated with an increase in grain 
yield and only slightly with the potential to reduce seeding rates due to greater plant 
establishment. Narrow rows consistently increased yields compared to wide rows, although 
there was a tendency for narrow rows to be most beneficial in low yield potential 
environments. Soil fumigation increased grain yield and improved plant stand establishment, 
pointing to the fact that soil pathogens reduce plant establishment and present a stress on the 
plant that reduces yield, but do not influence the response to narrow row spacing. The 
additional cost of a split row planter was in most cases covered by the increased revenue 
from improved grain yield. Smaller farms may not benefit as much from converting to 
narrow rows given the large fixed costs associated with the planter, but farms greater than 
288 ha with levels of soybean production greater than 30% of the land base would benefit 
economically from narrow row soybean production. 
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 Table 1. Rainfall and air temperature data recorded at the three experimental locations during 2004 to 2006. Deviations 
from the 30-year average reported in parentheses. 
   May June   July August
Year  Location
Air 
temperature Rainfall 
Air  
temperature Rainfall 
Air  
temperature Rainfall 
Air  
temperature Rainfall 
  oC mm    oC mm oC Mm oC mm
De Witt   17.1 (0.3)† 112 (8) 20.8 (-0.8)     89 (-21)   21.3 (-2.6)    48 (-40) 18.6 (-4.0)    99 (-16) 
Nevada 16.9 (0.9)   206 (90) 20.3 (-0.7)     66 (-59)   21.9 (-1.1) 124 (14) 19.1 (-2.9)    94 (-20) 2004 
Whiting‡ 
 
16.8 (0.0)   170 (58) 20.4 (-1.4)     74 (-32)   22.5 (-1.8) 
 
114 (19) 19.9 (-3.1)    64 (-19) 
        
         
De Witt 14.7 (-2.1)     56 (-43) 24.0 (2.3)     31 (-75)   23.7 (-0.2)    47 (-40) 22.4 (-0.3)    54 (-62) 
Nevada 15.8 (-0.6)     85 (-27) 23.1 (1.8) 136 (12) 24.0 (0.6)   78 (34) 21.7 (-0.3) 147 (31) 2005 
Whiting 
 
16.6 (-0.2) 102 (-6) 23.5 (1.6)   101 (6) 24.6 (0.4)   72 (23) 22.1 (-1.0)   96 (15) 
De Witt  16.1 (-0.7) 165 (65) 22.8 (1.1)    69 (-36) 24.6 (0.7) 107 (17)  22.6 (-0.1) 132 (15) 
Nevada 17.3 (0.9)    53 (-58) 24.1 (2.7)    22 (-97) 24.5 (1.1)    85 (-31) 22.1 (0.1) 158 (40) 2006 
Whiting 16.8 (0.1)    60 (-47) 24.1 (2.1)    51 (-51) 25.0 (0.8)    68 (-27)  22.3 (-0.7)   212 (127)
† 30 year averages determined based on weather station data from Clinton, Ames, and Onawa, IA for De Witt, Nevada, and 
Whiting, respectively. 
‡ Irrigation at Whiting in 2004 was 13 mm on both 7-Sep and 15-Sep; in 2005 was 24 mm on 18-Jul and 34 mm on 7-Aug; in 
2006 was 13 mm on 20-May, 26 mm on 16-Jun, 25 mm on 10-Jul, 13 mm on 17-Aug, and 13 mm on 19-Aug.  
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Table 2. Main effects and interactions for grain yield, seed mass, harvest plant population, and plant height averaged 
across years and locations.  
Source Yield Seed mass
Harvest plant 
population Plant height 
  kg ha-1 g 100 seeds-1 plants ha-1 cm 
Soil Fumigation (F)     
     Non-fumigated 4493 b 14.5 a 282 000 a 91 b 
     Fumigated 4729 a 14.7 a 295 000 a 94 a 
Row spacing (R)     
     38 cm 4762 a 14.6 a 309 000 a 92 a 
     76 cm 4460 b 14.6 a 268 000 b 91 a 
Seeding rate (S)     
     185 000 4441 b 14.5 c 166 000 d 90 c 
     309 000 4646 a 14.5 c 252 000 c 92 b 
     432 000 4686 a 14.7 b 332 000 b 94 a 
     556 000 4670 a 14.9 a 404 000 a 94 a 
Interactions     
     F x R NS† NS NS NS 
     F x S NS NS * NS 
     R x S NS NS NS NS 
     F x R x S NS NS NS NS 
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* Significant at the 0.05 probability level 
† NS = no significant differences at P ≤ 0.05   
 Table 3. Interaction between fumigation x seeding rate for harvest plant population. 
† Values followed by the same letter not significantly different at P≤0.05 probability level. 
Seeding rate Non-fumigated Fumigated 
plants ha-1
185 000   168 000 e† 163 000 e 
309 000 252 000 d 251 000 d 
432 000 309 000 c 354 000 b 
556 000 399 000 a 411 000 a 
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 Table 4. Profit sensitivity analysis for the change from 76 to 38 cm row spacing for various 
farm sizes with three percentages of land dedicated to soybean production. 
† Increased yield potential for 38 cm row spacing compared to 76 cm row spacing.
Farm size (ha) 50/50 60/40 70/30 
 $ farm-1
 302 kg ha-1† 
144 2809 1793 776 
288 7894 5860 3826 
431 12978 9928 6877 
575 18063 13995 9928 
719 23147 18063 12978 
863 28232 22130 16029 
1006 33316 26198 19080 
1150 38401 30265 22130 
1294 43485 34333 25181 
    
 151 kg ha-1
144 491 -62 -615 
288 3257 2151 1044 
431 6024 4364 2704 
575 8790 6577 4364 
719 11556 8790 6024 
863 14322 11003 7683 
1006 17088 13216 9343 
1150 19855 15429 11003 
1294 22621 17642 12663 
    
 76 kg ha-1
144 -688 -1005 -1323 
288 899 264 370 
431 2487 1534 582 
575 4074 2804 1534 
719 5661 4074 2487 
863 7248 5343 3439 
1006 8835 6613 4391 
1150 10422 7883 5343 
1294 12010 9153 6296 
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Table 5. Break-even yield increase to cover ownership costs for narrow row spacing 
production depending on farm size and percentage of land dedicated to  
soybean production. 
 Ratio of corn and soybean production 
Farm size (ha) 50/50 60/40 70/30 
 kg ha-1
144 149 186 248 
288 74 93 124 
431 50 62 83 
575 37 47 62 
719 30 37 50 
863 25 31 41 
1006 21 27 35 
1150 19 23 31 
1294 17 21 28 
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Figure 1. The relationship between grain yield and soybean harvest plant populations 
averaged across soil fumigation and row width during 2004 to 2006. Points represent 
mean estimates of 80 observations. Grain yield = 4689*(1-EXP^ (-0.000018*plants ha-
1)). 
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 Chapter 5. VARIETY RESPONSE TO ENVIRONMENT, SOIL FUMIGATION, AND 
SOYBEAN CYST NEMATODE 
A paper to be submitted to Crop Science 
Jason De Bruin and Palle Pedersen 
Abstract 
 Soybean [Glycine max (L.) Merr.] cyst nematode (Heterodera glycines Ichinohe; 
SCN) has been documented in 97% of Iowa’s counties and causes significant yield loss each 
year. Corn-soybean rotation does not adequately control this pest, and SCN-resistant varieties 
may need to be used in addition to rotating non-host crops to improve grain yield and control 
SCN population densities. Studies were established at three locations in Iowa for two years in 
plots that had been fumigated to reduce soilborne pathogen populations. Twenty-three 
varieties that differed in year of release, glyphosate resistance, and SCN resistance were 
evaluated in both fumigated and non-fumigated soil conditions. The experiment in each soil 
fumigation treatment was a randomized complete block with four replications. Initial 
population density of SCN varied by location, but soil fumigation reduced SCN population 
densities on average by 1 660 eggs 100-cm-3. Eight varieties responded to soil fumigation 
and included both SCN-resistant and susceptible varieties. Across all locations, soil 
fumigation increased grain yield 262 kg ha-1. Yield of old varieties was 54% less than 
modern varieties due to an inability to set a large number of seeds. The response was similar 
for modern SCN-susceptible varieties that produced 17% fewer seeds m-2 and yield 14% 
lower than modern SCN-resistant varieties. In central Iowa, yield of modern SCN-susceptible 
varieties was 614 kg ha-1 greater than old SCN-susceptible varieties, but did not reduce 
population densities of SCN and may indicate that modern varieties have greater tolerance to 
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SCN. Varieties resistant to SCN maintained or reduced population densities of SCN through 
the season regardless of initial population densities. When this pathogen has been identified, 
management that includes the use of SCN-resistant varieties must be implemented to control 
population densities and minimize yield loss.  
Introduction 
 A maximum soybean yield of 8 000 kg ha-1 has been suggested as a reasonable yield 
limit for soybean productivity (Specht et al., 1999). Average yields in Iowa are 
approximately 50% of this. The highest average state yield of 3 528 kg ha-1 was achieved in 
2005 (National Agriculture Statistics Service, 2007). There have been isolated incidents 
where yields have approached or surpassed this suggested maximum (Cooper, 2003), but 
these high yields are rare and only occur when all environmental factors are favorable. 
Genetic yield gain from privately released varieties is approximately 30 kg ha-1 year-1 
(Specht et al., 1999), and there is no indication that selection limits are being approached 
(Martin, 2001). Yet as genetic potential has increased, the average yield increase in Iowa 
since 1994 has averaged less than 10 kg ha-1 year-1 (National Agriculture Statistics Service, 
2007).  
As noted by Sinclair (1993), there are physiological limitations to crop yield potential 
and “alleviation of stress barriers to achieving full yield potential offers many 
opportunities…to sustaining and increasing crop yields in the future.” The realization that 
genetic yield potential is outpacing the realized yield potential on the farm level points not to 
a genetic limitation but to environmental interactions that reduce yield. Each variety has a 
genetic yield potential (Evans and Fischer, 1999) that can only be attained in a “stress-free” 
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environment. Throughout the season, both abiotic stress and biotic stresses exist within the 
production environment, influencing plant growth and reducing yield (Cook, 2000).  
 Soybean yield can be decomposed into the number of seeds per unit area and seed 
mass (Board et al., 1999; Egli, 1998). The yield of soybean has been closely tied to seasonal 
canopy photosynthesis (Christy and Porter, 1982) and the ability of the plant to set seeds 
(Egli, 1998). Seed number per unit area is directly related to the crop growth rate; and 
photosynthetic capacity must be maximized during the critical period R1 to R5 (Egli and 
Zhen-wen, 1991; Jiang and Egli, 1995; Vega et al., 2001), as maximum crop growth rate is 
linearly related to increasing capture of solar radiation (Shibles and Weber, 1965). Seed 
number is supported by the production of pods (Board et al., 1999). The pod production 
period can extend for 50 days, but 84% of the pods are initiated in 20 days, pointing to the 
relatively short critical period for pod determination (Egli and Bruening, 2006). Stress during 
this time can potentially reduce pod set and influence seed number. Increased seed mass from 
late season seed fill has been noted as an important component for maximum yield (Andrade, 
1995), but correlations to grain yield are variable (Egli, 1998). 
Plant stresses, either abiotic or biotic, modify plant growth and development and can 
influence yield formation. Soybean cyst nematode population densities as low 10 to 50 eggs 
100-cm-3 can reduce yield (Niblack et al., 1992), water uptake (Fallick et al., 2002), and plant 
biomass and canopy development (Alston and Schmitt, 1987; Fallick et al., 2002). Severity 
of sudden death syndrome (SDS) (Fusarium virguliforme, formerly known as F. solani f. sp. 
glycines) has been negatively correlated with grain yield, seed weight per plant, and seed 
mass (Lou et al., 1999). Soybean cyst nematode and SDS have been documented as the two 
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most yield-limiting pathogens in soybean in Iowa and together account for 1.65 x 106 MG 
lost yield in 2004 (Wrather and Koenning, 2006).  
Multiple complexes of pathogens exist in production fields. The presence of SCN has 
been linked to increasing severity of both SDS (Scherm et al., 1998; Hershman et al., 1990) 
and brown stem rot (BSR) (caused by Phialophora gregata) (Tabor et al., 2003). Along with 
stress from soilborne pathogens, weeds and insects place additional stress on the plant, 
adding to the yield loss (Alston et al., 1991; Browde et al., 1994; Paz et al., 2001; Robbins et 
al., 1990).    
 Agronomic practices have been evaluated for management of soilborne pathogens. 
Early planting can reduce the reproduction of SCN (Riggs et al., 2000) but can increase 
incidence of SDS (Hershman et al., 1990). Early planting is necessary to increase yield 
potential (Lueschen et al., 1992; Pedersen and Lauer, 2003a); any reduced disease incidence 
from delayed planting has not proven beneficial. Extended production (> 3 years) of a non-
host crop can reduce SCN population densities (Chen et al., 2001a), but annual rotation of 
corn and soybean maximizes the yield of both crops (Pedersen and Lauer, 2002; 2003b). The 
corn-soybean rotation is predominant in Iowa, and use of resistant varieties has been the most 
consistent method of increasing yield in the presence of SDS (Luo et al., 1999; Stephens et 
al., 1993) and SCN (Chen et al., 2001a; 2001b).  
Soil fumigation has been used in previous studies as a tool to modify soilborne 
pathogens and study their influence on crop growth (Warcup, 1976). In fields infested with 
southern root-knot nematode (Meloidogyne incognita) and SCN, soybean yield increased 
when soils were fumigated with ethylene dibromide (Weaver et al., 1985). Other studies 
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involving soybean have documented yield increases in the range of 231 to 268 kg ha-1 from 
soil fumigation (Kittle and Gray, 1982; Von Qualen et al., 1989).  
Variety selection for field conditions is the most important decision producers make 
each year. Estimated yield losses per acre in Iowa were approximately 778 kg ha-1 (based on 
4.1 million hectares of soybean production; National Agriculture Statistics Service, 2007) 
from a combination of SCN, SDS, Sclerotinia Stem Rot (Sclerotinia sclerotiorum), and 
brown spot (Septoria glycines) (Wrather and Koening, 2006). Varieties on the market have 
resistance or tolerance to each of these pathogens and can be used as management tools to 
achieve higher yields. Few varieties exist that have high yields and good resistance or 
tolerance traits. Yield is a function of the interaction between a variety and the production 
environment; therefore, the hypothesis is that soilborne pathogens present a significant 
limitation to crop growth and yield. Soil fumigation can be used to reduce pathogen 
populations, minimize potential crop stress from soilborne pathogens such as SCN, and 
increase yield. Plant resistance can be implemented for pest management and can increase 
yield relative to non-resistant varieties. The objective was to reduce the population density of 
SCN and fungal soilborne pathogens though soil fumigation, and measure the yield response 
for soybean varieties that vary in year of release, herbicide resistance, and SCN resistance. 
Materials and Methods 
Field research plots were established at three locations during the 2005 to 2006 
growing seasons. In this study high-yield and low-yield environments were selected based on 
those that yield above or below the five-year state average yield of 3 118 kg ha-1, respectively 
(National Agriculture Statistics Service, 2007). Fields were selected in eastern Iowa at a 
high-yield environment near De Witt (fine-silty, mixed mesic, Typic Argiudolls), in central 
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Iowa at a low-yield environment near Nevada (fine-loamy, mixed mesic, Typic Halpludolls), 
and in western Iowa at a high-yield environment with access to irrigation near Whiting (fine-
silty, mixed mesic, Typic Hapludolls). These research sites were all located at approximately 
42oN latitude, across the central part of the state, and were chosen to represent the variation 
in soil type, moisture regimes, and soil pathogens characteristic to Iowa. 
The experimental design was a randomized complete block in a split-plot 
arrangement with four replications. The main plot was a single replication of soil fumigation 
and no fumigation, and the split-plot was 23 varieties (Table 1). The main plot treatment of 
soil fumigation was not replicated at an individual location due to the constraints of field set 
up for fumigation. The varieties studied varied in year of release from the private and public 
sectors, glyphosate resistance, SCN and other pathogen resistance, and maturity group. Half 
of the 4 ha was fumigated in October by injecting the fumigant Telone C-35 at a 30 cm depth 
(Dow AgroSciences, Indianapolis, IN) followed by a roller to pack the soil. Fumigation was 
conducted in the spring at Nevada in 2005 due to poor fall conditions. Telone C-35 is a 
combination of 1,3 dichloropropene (nematicide) applied at 199 kg a.i. ha-1 and chloropicrin 
(nematicide and fungicide) applied at 113 kg a.i. ha-1. Fumigation was conducted in the fall 
rather than the spring to allow for early spring planting while still meeting the label 
recommendations to apply the fumigant when soil temperature is above 10oC and allow a 
three-week interval between soil fumigation and planting. A similar process was used by 
Hamm et al. (2003) and they reported that pathogen populations, following fall fumigation, 
did not change over the winter period in fumigated soils. Prior to fumigation, corn stalks 
were shredded and multiple tillage passes, either disking (Whiting) or plowing (De Witt and 
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Nevada), were conducted to remove existing residue from the soil surface and reduce 
interference with the fumigation toolbar. 
Prior to planting, the pre-emergent herbicides s-metolachlor [2-chloro-N-(2-ethyl-6-
methylphenyl)-N-(2-methoxy-1-methylethyl) acetamide] and metribuzin [4-amino-6-(1,1-
dimethylethyl)-3-(methylthio)-1,2,4-triazin-5(4H)-one] were applied at 1.8 kg a.i. ha-1 and 
0.4 kg a.i. ha-1, respectively, to the study at Whiting, Nevada in 2004 and 2006, and De Witt 
in 2005 and 2006. The pre-emergent herbicide s-metolachlor was applied at 2.1 kg a.i. ha-1 to 
the study at De Witt in 2004. No pre-emergent herbicide was used at Nevada in 2005. 
Following herbicide application, the field was cultivated to a depth of 10 cm to incorporate 
the herbicide and provide a level seed bed.  
Seeds were inoculated with Bradyrhizobium japonicum (EMD Crop BioScience, 
Brookfield, WI) and planted using an Almaco grain drill (Almaco, Nevada, IA) and seeded at 
a rate of 432 000 seeds ha-1 at a row spacing of 38 cm (Table 2). Plot size was 2.7 m by 6.7 
m. Glyphosate [N-(phosphonomethyl)glycine] was applied twice during the season at a rate 
of 865 g a.e. ha-1 to the glyphosate-resistant varieties (Table 1). The combination of 
acifluorfen [5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitrobenzoic acid] at a rate of 0.3 kg 
a.i. ha-1 and sethoxydim [2-[1-(ethoxyimino)butyl]-5-[2-(ethylthio)propyl]-3-hydroxy-2-
cyclohexen-1-one] at a rate of 0.4 kg a.i. ha-1 was applied once to non-glyphosate-resistant 
varieties (Table 1), and plots were kept weed free by hand weeding during the growing 
season. The insecticide [Chlorpyrifos 0,0-diethyl-0-(3,5,6-trichloro-2-pyridinyl) 
phosphorothioate] was applied at a rate of 0.84 kg a.i. ha-1 to the experiment at De Witt twice 
in 2005 for the control of spider mites (Tetranychus urticae) and soybean aphids (Aphis 
glycines) and to Nevada in 2006 for the control of bean leaf beetles (Certoma trifurcate). To 
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control bean leaf beetles at Whiting in 2005, cyfluthrin [cyano (4-fluoro-3-phenoxyphenyl) 
methyl-3-(2,2-dichloroethenyl)-2,2-dimethyl-syclopropanecarboxylate] was applied at 0.49 
kg a.i. ha-1.  
Prior to planting and following harvest, each plot was sampled for SCN by taking 20 
soil cores to approximately a 15 to 20 cm depth. Egg number 100-cm-3 soil was determined 
by extracting the cysts (egg-filled dead females) and crushing the cysts to remove the eggs, 
followed by counting the eggs under a microscope (Tabor et al., 2003). Also, bioassays were 
conducted on the spring samples in the greenhouse to determine the viability of the eggs in 
the cysts recovered from the fumigated and non-fumigated soils. The susceptible cultivar 
‘Kenwood 94’ was used as a host in the bioassays, and after 28 days, females were collected 
from the roots by washing the roots over an 850-um-pore sieve positioned over a 250-um-
pore sieve to trap females for counting (Tabor et al, 2003). The bioassays were conducted 
because there was no information about how long it takes for SCN eggs, killed by soil 
fumigation, to completely decompose and no longer be counted in a soil sample.  
Data collected at harvest included final plant density, seed mass based on a 300-seed 
sample, and plant height and lodging based on a scale of 1 (completely erect) and 5 
(completely prostrate). Seed number was determined based on seed mass and plot yield 
(Board and Modali, 2005). The center four rows were harvested with an Almaco small plot 
combine (Almaco, Nevada, IA), and harvest weights were adjusted to 130 g kg-1 moisture for 
final yield.  
Statistical analysis was conducted using Proc Mixed in SAS (SAS Institute, 2003). 
Data collected from De Witt in 2005 had to be excluded from the dataset because herbicide 
carryover from the previous year destroyed many of the plots. A total of five environments 
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were used to test the soil fumigation effect on the measured variables. Environment x soil 
fumigation was used as the error term to test the soil fumigation effect. Environment, soil 
fumigation, and variety were treated as fixed effects and environment x soil fumigation and 
replication (environment x soil fumigation) were used as random effects. Due to strong 
environment by variety interactions, data are presented by environment. Pre-planned single-
degree-of-freedom contrasts were made between different classes of varieties. The tests were 
old vs. modern varieties, modern non-glyphosate vs. modern glyphosate-resistant, and 
modern SCN-susceptible vs. modern SCN-resistant varieties (including both glyphosate and 
non-glyphosate-resistant varieties) (Table 1). 
Results 
Rainfall was below normal for the months of May, June, and July at Whiting and 
Nevada in 2006 (Table 2). The average yield at Nevada in 2006 was considerably lower than 
the average yield in 2005 and can be attributed to below-normal rainfall. Rainfall was above 
average at all environments in August in 2006. Whiting was irrigated both seasons, but 
rainfall totals were still less than long-term averages. Temperatures were close to normal in 
May, July, and August at all locations both years but were 1.1 to 2.7oC above normal at all 
locations in June 2005 and 2006, respectively (Table 2).  
Soybean cyst nematode response to soil fumigation and soybean variety 
Average spring egg densities (initial population or Pi) after soil fumigation prior to 
planting are presented in Table 3. The design of the study did not allow an estimation of the 
interaction between environment and soil fumigation, but SCN Pi was reduced 18 to 80% by 
soil fumigation depending on environment and Pi. The number of viable females detected in 
the bioassays was reduced by soil fumigation in four of five environments and at 
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environments, other than Nevada in 2005, female counts were reduced 40 to 88% (Table 3). 
The percent reduction in eggs was close to the reduction in females, except at Whiting in 
2006 where the number of females was reduced 51% and eggs were reduced 18% (Table 3). 
Initial population densities varied between environments and populations at De Witt in 2006 
were nearly three times greater than any other environment. Population densities averaged 
less than 1 000 eggs 100-cm-3 at Whiting and between 1 000 and 3 600 eggs 100-cm-3 at 
Nevada (Table 4). Soil fumigation reduced egg population densities by an average of 1 660 
eggs 100-cm-3 across all environments. Following harvest, SCN population densities were 
1842 eggs 100-cm-3 greater than non-fumigated conditions. This population density increase 
was not significantly greater (Table 4).  
There were significant differences between groups of varieties for final SCN 
population densities (Pf) at the five environments. In four environments, Pf was reduced an 
average 6 706 eggs 100-cm-3 by modern varieties compared to old varieties (Table 5). 
Modern SCN-susceptible varieties supported Pf that were equal to old SCN-susceptible 
varieties in all environments. Final SCN population densities were always reduced for SCN-
resistant varieties compared to modern SCN-susceptible varieties. The population densities at 
Nevada were 1 977 and 5 719 eggs 100-cm-3 lower for modern SCN-resistant varieties in 
2005 and 2006, respectively. Final SCN population density was 8 957 eggs 100-cm-3 lower 
for resistant varieties at Whiting and 6 715 eggs 100-cm-3 at De Witt (Table 5). Final SCN 
populations were as great at 22 575 eggs 100-cm-3 for the old variety Lincoln at Nevada in 
2006 and there were multiple modern SCN-resistant varieties that had final SCN populations 
greater than 10 000 eggs 100-cm-3. The initial population densities at Whiting were 105 and 
975 eggs 100-cm-3 in 2005 and 2006, respectively (Table 4). In this high-yield environment 
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Pf were greater than 10 000 eggs 100-cm-3 for most of the old conventional and mid 
conventional varieties each year (Table 5). Final population densities for modern SCN-
susceptible varieties ranged from as low as 3 838 eggs 100-cm-3 for the variety S-2743-4 to 
as great as 19 550 eggs 100-cm-3 for the variety NE3001. 
Variety response to soil fumigation 
 There was a fumigation by variety interaction for grain yield that was significant at 
the P=0.06 probability level (Table 6), evidence that certain varieties responded to soil 
fumigation (Ramsey and Schafer, 2002). This interaction was further separated using the 
SLICE command in SAS, and yield changes due to soil fumigation are presented in Table 7. 
The yield of the old varieties was not improved by soil fumigation. There were five SCN-
susceptible and three SCN-resistant varieties that responded positively to soil fumigation. 
The yield increase ranged between 356 kg ha-1 for the SCN-susceptible variety S-2743-4 and 
672 kg ha-1 for the SCN-resistant variety IA2068 (Table 6). Yield of SCN-resistant varieties 
increased by 218 kg ha-1 with soil fumigation and was 79% greater for modern SCN-resistant 
varieties. Across all environments, soil fumigation increased grain yield by 262 kg ha-1 
(P=0.02) and seed number m-2 by 6% (P=0.03), but did not improve plant stands at harvest 
(P=0.30) (data not shown). 
Variety response to environment 
 There was an environment by variety interaction (Table 7) for all variables measured, 
and the response of each group of varieties was characterized by location (Table 8). Greatest 
yields were attained at Whiting and lowest yields occurred at Nevada. The yield difference 
for varieties between these environments ranged between 1 912 kg ha-1 for IA2068 to 3 306 
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kg ha-1 for AG2403 (data not shown). Environment by variety interactions for this study are 
reported more specifically on p. 179.  
Glyphosate-resistant varieties were taller than non-glyphosate-resistant varieties but 
plant height did not correlate with grain yield (data not shown). Old varieties were 10 cm 
taller at Whiting and equal to modern varieties at both De Witt and Nevada (Table 8). Old 
varieties did not lodge more than modern varieties (data not shown). Modern SCN-resistant 
varieties were 12 cm taller at all environments, with the largest increase at Nevada and De 
Witt in 2006.  
Modern non-glyphosate-resistant varieties yielded 279 and 359 kg ha-1 less than 
modern glyphosate-resistant varieties at Whiting and Nevada in 2006, respectively (Table 8). 
No difference was detected at the three other environments. Yield of modern varieties was 
54% greater than old varieties and averaged 1 365, 1 418, and 1 742 kg ha-1 more at De Witt, 
Nevada, and Whiting, respectively. Varieties resistant to SCN increased yield at all 
environments by an average of 651 kg ha-1 or 17%. The smallest yield increase for SCN-
resistant varieties was at Nevada and Whiting in 2005 and averaged 351 kg ha-1. In 2006 the 
difference was 669 kg ha-1 at De Witt and Whiting and increased to 1 215 kg ha-1 at Nevada 
for modern SCN-resistant varieties compared to modern SCN-susceptible varieties (Table 8). 
 Non-glyphosate-resistant varieties produced on average 210 fewer seeds m-2 than 
glyphosate-resistant varieties at Whiting and Nevada in 2006 (Table 8). Seed production was 
956 seeds m-2 greater at all environments for modern varieties compared to old varieties. 
Modern SCN-resistant varieties produced 21% more seeds m-2 than modern SCN-susceptible 
varieties averaged across environments.  
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Changes in seed mass were small and variable (Table 8). Glyphosate-resistant 
varieties produced larger seeds at De Witt in 2006. Older varieties produced seeds 8% larger 
at Whiting (2005) and seeds 4% smaller at all locations in 2006. Seed mass increased 6% for 
modern SCN-susceptible varieties at Whiting compared to modern SCN-resistant varieties 
over two years. At Nevada (2006), modern SCN-susceptible varieties produced 5% larger 
seeds. The relationship between yield, seed number, and seed mass at a high yield and low 
yield environment are presented in Figure 1.  
Discussion 
Soil Fumigation 
Soil fumigation was used as a tool to reduce soil pathogen populations. Fumigation 
successfully reduced SCN population densities at five environments and resulted in a small 
yield increase of 262 kg ha-1 (7%) averaged across twenty-three varieties and all 
environments. This response to soil fumigation is similar to that reported in previous studies 
with soybean (Kittle and Gray, 1982; Von Qualen et al., 1989). The fact that the average Pf 
were 1 842 eggs 100-cm-3 larger in the soil-fumigation treatment was surprising given the 
lower Pi for this treatment. Potentially, this response is related to the yield potential 
difference between fumigated and non-fumigated treatments given the greater yields in the 
soil fumigation treatment. Our results are similar to those reported by Weaver et al. (1985). 
In their study, soil fumigation with ethylene dibromide reduced initial SCN population 
densities and increased yield, but increased final SCN population densities. Specific SCN-
resistant and susceptible varieties responded positively to soil fumigation (Table 6). Varieties 
are considered resistant when SCN reproduction is less than 10% of the control variety Lee 
74 (Niblack et al., 2002), and resistance does not imply complete absence of SCN 
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reproduction. The yield response of SCN-resistant varieties to reduced SCN population 
densities is evidence that resistant varieties are still negatively influenced by increasing SCN 
population densities. As documented by previous studies, the yield of SCN-resistant varieties 
does decline with increasing SCN population densities (Macguidwin et al., 1995; Tylka and 
Souhrada, 1997). From this standpoint, the use of a resistant variety can not be the only 
management tactic implemented to control SCN. There was no indication that SCN-resistant 
varieties did not have the same yield potential as modern susceptible varieties in the presence 
of low SCN population densities. Yield drag of 5 to 10% was reported when resistant 
varieties entered the market (Noel, 1986), but more recent field evaluations indicate this yield 
drag no longer exists (Chen et al., 2001b).  
 SCN management 
There were large differences in the ability of varieties to control SCN reproduction. 
Modern SCN-resistant varieties had lower Pf than modern SCN-susceptible and old varieties 
and this was clearly reflected in the consistent yield improvement for SCN-resistant varieties 
(Table 8). The rapid population increase from a low Pi at Whiting in both 2005 and 2006 
showed the tremendous reproduction potential of SCN. This type of rapid population 
increase from low Pi has been documented by Alston and Schmitt (1987). Our data 
reemphasize the important management criteria to start managing SCN early and keep Pi low 
rather than attempting to bring down large population densities (Niblack, 2005).  
There was good evidence that tolerance to SCN existed in modern-SCN susceptible 
varieties. While modern-SCN susceptible varieties still supported high population densities 
the yield of these varieties was greater than old-conventional and mid-conventional varieties 
(data not shown). There was some variability among modern SCN-resistant varieties. The 
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variety S-3012-4 supported Pf that were similar to SCN-susceptible varieties (Table 5). In the 
future, the HG-type of the SCN population and variety characteristics will have to be known 
in order to select SCN-resistant varieties that will effectively control population densities. 
Varieties with PI437654 resistance had the lowest Pf at 1 206 eggs 100-cm-3, followed by the 
variety with Peking resistance at 2 650, followed by a wide range in varieties with PI88788 
resistance in the range of 1 500 to 5 537 eggs 100-cm-3. The range in SCN control by these 
varieties is consistent with other studies by Chen et al. (2001b) and Tylka et al. (2007) that 
document a range in SCN control with the use of a resistant variety. 
 Variety selection 
Variety selection was the most promising method for increasing grain yield. The 
specific interest in this study was to identify variety traits important to achieving high, 
consistent yields. The positive yield response for glyphosate-resistant varieties at two 
environments was due to the presence of NE3001. Removing this variety from the contrast 
resulted in no differences between glyphosate-resistant and non-glyphosate-resistant varieties 
at any of the environments. In most cases glyphosate resistance did not improve variety yield 
potential or grain yield and indicated that selecting glyphosate-resistant varieties should be a 
weed management decision. Modern varieties performed consistently better than old 
varieties, pointing to the genetic yield potential improvement. The ability of new varieties to 
set more seeds was the primary factor that contributed to yield gains (Table 8). This trend 
was especially evident in a low-yield environment, where old varieties produced seeds of 
greater mass relative to modern varieties but seed number was reduced 40 to 50% (Figure 1). 
This trend was consistent at the high-yield environment Whiting as old and mid conventional 
varieties set 43% fewer seeds than modern varieties (Figure 1). Biomass and crop growth rate 
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were not determined in this study, but changes in seed number indicate that growth was 
altered during the seed determination period. Frederick et al. (1991) reported that the newer 
varieties Williams 82 and Clark 63 were more responsive to improved growing conditions 
and produced more seeds m-2 without improvements in seed mass than the older varieties 
Manchu and Dunfield.      
The top five varieties used at each environment were all SCN-resistant varieties, 
except for Whiting in 2005 when the SCN-susceptible variety AG2403 was number five 
(data not shown). De Witt (2006) had the largest Pi (Table 4), and SCN-resistant varieties 
produced yields 13% greater than modern SCN-susceptible varieties. The benefit from using 
SCN-resistant varieties at Nevada in 2005 was 43%, even though the Pi was less than 1 500 
eggs 100-cm-3. Rainfall at De Witt was above average during the season, whereas rainfall at 
Nevada was below average and was particularly low May through August (Table 2). Drought 
conditions can increase the severity of SCN infection, in part due to changes in syncytia 
development and influence on water transport within the root (Johnson et al., 1993).  
 Both seed number and seed size are important for maximizing grain yield. Seed 
number is related to crop growth rate during the critical period R1 to R5 (Egli and Zhen-wen, 
1991), and seed mass is a function of both seed growth rate and seed fill duration (Swank et 
al., 1987). This study included a range of varieties that differed in seed number m-2 (1 287 to 
5 869 seeds m-2), seed mass (120 to 175 mg seeds-1), and grain yield (906 to 5 523 kg ha-1).  
For all environments and varieties, there was no negative or positive relationship between 
seed number m-2 and seed mass. Yield increased consistently with more seeds m-2 than with 
larger seeds, and for a specific seed mass of 127 or 159 mg seed-1 yield differences of 4 236 
and 2 156 kg ha-1 could be identified, respectively (Figure 2). This result is consistent with 
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previous research that indicated seed number m-2 is the component most closely related to 
yield (Board et al., 1999; Jiang and Egli, 1995).    
Conclusion 
   Yield is the result of the interaction between a variety and the environment through 
the growing season. Soilborne pathogens such as SCN negatively influence this interaction 
and reduce yield through changes in plant growth during critical periods. Variety selection is 
a critical management component that must be implemented to achieve greater soybean 
yields in all production environments in Iowa. Growers have largely adopted the practice of 
purchasing new seed each year and readily select new varieties that enter the market. 
However, as evidenced by this study, simply selecting new technology does not guarantee 
higher yields. Knowledge of field conditions, especially SCN population densities, where the 
variety will be planted must be incorporated into the variety selection process, as modern 
SCN susceptible varieties are not an effective option for increasing yield or managing SCN 
populations. It was concluded that, in fields where SCN has been identified, SCN-resistant 
varieties must be included as a management tool to maintain yield, limit SCN reproduction, 
and control populations for years of future soybean production. 
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 Table 1. Traits for 23 varieties used at five environments in Iowa during 2005 and 2006. 
Variety 
Company name Year of 
 release† 
SCN reaction  
(source of 
resistance) 
Old, non-glyphosate resistant (1938 to 1951)   
Richland Purdue University 1938 S 
Harosoy Dominion Experimental Farm, Harrow, Ontario 1951 S 
Lincoln Illinois Experimental Station 1944 S 
Hawkeye Iowa Agriculture Expt. Station and U.S. Regional Soybean Laboratory 1948 S 
Mid non-glyphosate resistant (1980’s)   
Williams 82 USDA-ARS and Illinois Agricultural Experiment Station 1981 S 
Hardin Iowa State University 1983 S 
Modern non-glyphosate resistant (>1997)   
NE3001 University of Nebraska-Lincoln 2001 S 
Dwight University of Illinois 1997 R (PI88788) 
IA2068 Iowa State University 2003 R (PI88788) 
PB291N Prairie Brand Seeds 2003 R (PI88788) 
S25J5 Syngenta 2003 S 
2509CN Croplan 2003 R (PI88788) 
Modern glyphosate resistant (>2000)   
NK-S32-G5 Syngenta 2003 S 
P91M90 Pioneer 2003 R (Peking) 
SOI2858NRR Sands of Iowa 2003 R (PI88788) 
E2620RX Latham Seeds 2003 R (PI437654) 
SOI2642NRR Sands of Iowa 2003 R (PI88788) 
AG2801 Monsanto Company 2003 R (PI88788) 
AG2403 Monsanto Company 2004 S 
S-3012-4 Stine Seeds 2004 R (PI88788) 
S-2743-4 Stine Seeds 2004 S 
P92M91 Pioneer 2004 S 
E2811RX Latham Seeds 2004 R (PI437654) 
† Year of release estimated by published articles or when variety first appeared on the market
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 Table 2. Precipitation and air temperature data recorded at the three experimental locations during 2005 and 2006 with field 
weather stations. Deviations from the 30 yr average reported in parentheses. 
    May June July  August Average 
Year            Location
Air 
temp. Precp.
Air 
temp. Precp.
Air 
temp. Precp.
Air 
temp. Precp.
Air 
temp. Precp.
  oC          
           
mm oC mm oC mm oC mm oC mm
Nevada 15.8 (-0.6)     85 (-27) 23.1 (1.8) 136 (12) 24.0 (0.6)   78 (34) 21.7 (-0.3) 147 (31) 21.2 (0.4) 112 (13) 
2005 
Whiting 
 
16.6 (-0.2) 102 (-6) 23.5 (1.6)   101 (6) 24.6 (0.4)   72 (23) 22.1 (-1.0)   96 (15) 21.7 (0.2) 93 (10) 
De Witt  16.1 (-0.7) 165 (65) 22.8 (1.1)    69 (-36) 24.6 (0.7) 107 (17)  22.6 (-0.1) 132 (15) 21.5 (0.3) 118 (15) 
Nevada 17.3 (0.9)    53 (-58) 24.1 (2.7)    22 (-97) 24.5 (1.1)    85 (-31) 22.1 (0.1) 158 (40) 22.0 (1.2) 80 (-37) 2006 
Whiting 16.8 (0.1)    60 (-47) 24.1 (2.1)    51 (-51) 25.0 (0.8)    68 (-27)  22.3 (-0.7)   212 (127) 22.1 (0.6) 98 (0.5) 
† 30 year averages determined based on weather station data from Clinton, Ames, and Onawa, IA, for De Witt, Nevada, and Whiting, 
respectively.  
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 Table 3. Response of spring soybean cyst nematode population densities to soil fumigation at five environments in Iowa. 
     Environment Non-fumigated Fumigated Non-fumigated Fumigated
 eggs 100-cm -3 females plant-1
Nevada, 2005   1778 (385)† 1229 (235)   284 (22) 323 (28) 
Whiting, 2005 151 (23)   30 (10)   33 (5)     4 (0.5) 
Whiting, 2006 1073 (105) 877 (53) 110 (8)              54 (5) 
Nevada, 2006 4452 (128) 2718 (103)   288 (17)            168 (16) 
De Witt, 2006         12402 (620) 6678 (402)   269 (13)            162 (12) 
† Standard error presented in parentheses and is based on a sample of n=92.  
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Table 4. Spring and fall SCN egg counts and spring SCN bioassays for five environments, soil fumigation, and 23 varieties. 
†Pi and Pf SCN egg counts and spring bioassays were log transformed (base10) for analysis but means presented as untransformed.  
‡ Values followed by the same letter are not significantly different at P≤0.05  
§ Interactions with varieties not presented for Pi and spring bioassays because at the time of sampling specific variety treatments had 
not been established.
Source     Pi† Greenhouse bioassays Pf
  eggs 100-cm-3 cysts plant-1 eggs 100-cm-3
Environment    
    
Nevada, 2005 3585  b‡ 304 a 3332 b 
Whiting, 2005 105  c    19 c 5792 b 
Whiting, 2006  975  b    82 b 6069 b 
Nevada, 2006                  1052  b    228 ab 8396 a 
De Witt, 2006                  9540  a    214 ab   4888 ab 
Pr>F <0.001 0.01 0.03
Soil fumigation    
     
     
    
Non-fumigated 3971 a 197 4775
Fumigated 2311 b 142 6617
Pr>F 0.05 0.06 0.23
Interactions (Pr>F)    
Environment x Variety -§ - <0.001 
Fumigation x Variety - - 0.66 
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Table 5.  Means of fall sampled (Pf) soybean cyst nematode population densities at five 
environments in Iowa during 2005 and 2006 for 23 varieties. 
Variety 
SCN reaction   Nevada 
   (2005) 
Whiting 
  (2005) 
   Whiting 
    (2006) 
Nevada 
 (2006) 
De Witt 
(2006) 
 eggs 100-cm-3
Old conventional (1938 to 1951)      
Richland S   2425        5650     7425  10888    6537 
Harosoy  S   3537      11050   11138  13112  11738 
Lincoln  S   2012      15738   17963  22575    6825 
Hawkeye  S   3800      11650   14525  10400    5575 
Mid conventional (1980’s)      
Williams 82  S   3012      12140   15362  10614    2000 
Hardin  S   2012      10463     7600    7950    1800 
Modern conventional (>1997)      
NE3001  S   4500      19550   13975  11238  20000 
Dwight  R (PI88788)   1500          637       900    6042    2400 
IA2068  R (PI88788)   2362          275       275    2825    2825 
PB291N  R (PI88788)   2275          525       487    6300    2025 
S25J5  S   2837      11275   13975    7671    7663 
2509CN  R (PI88788)   2037          450       638    3525    3025 
Modern glyphosate resistant (>2000)      
NK-S32-G5  S   7187        7957   13163  10862    8121 
P91M90  R (Peking)   2650          138       313    4337    1260 
SOI2858NRR  R (PI88788)   4037          237       413    5763    1687 
E2620RX  R (PI437654)   1537          850     2438    1325    1125 
SOI2642NRR  R (PI88788)   4425          350       738    3238    1962 
AG2801  R (PI88788)   3812          662       488    6750    1038 
AG2403  S   5687        5349     7188  10887    8675 
S-3012-4  R (PI88788)   5537        3262       550  11950    1437 
S-2743-4  S   3550        6762     3838    9575    6538 
P92M91  S   5037        7750     5550  12950    5312 
E2811RX  R (PI437654)     875          638       663    1113    1588 
PR>F  <0.001‡      <0.001   <0.001  <0.001   <0.001 
Estimates       
M§ vs. O      576    -7109*** -8904*** -7365***   -3446*** 
MSCNS vs. O    1856      -1273    -3148   -3664      899 
MSCNR vs. MSCNS  -1977***   -9018*** -8896*** -5719***  -6715*** 
*** Significant at the 0.001 probability level 
‡ Significance tests for the effect of variety and for estimated differences were determined using 
transformed data (log base10). All means and differences are presented as untransformed. 
§ Modern (M), old (O), modern SCN susceptible (MSCNS), modern SCN resistant (MSCNR)  
 Table 6. Grain yield change due to soil fumigation and level of significance determined for 
each variety using the SLICE command in SAS for the soil fumigation by variety 
interaction.  
Variety SCN reaction Grain yield 
  kg ha-1
2509CN R (PI88788) -59 
AG2403 (S)    477** 
AG2801 R (PI88788) 105 
Dwight R (PI88788) 255 
E2620RX  R (PI437654) 237 
E2811RX  R (PI437654)  47 
Hardin (S) 313 
Harosoy (S) 110 
Hawkeye (S)   55 
IA2068 R (PI88788)       674*** 
Lincoln (S) 131 
NE3001 (S)       568*** 
NK-S32-G5 (S) 139 
P91M90    38 
P92M91 (S)        593*** 
PB291N R (PI88788)      496** 
Richland (S)  273 
S-2743-4 (S)    356* 
S-3012-4 R (PI88788)    402* 
S25J5 (S)    392* 
SOI2642NRR R (PI88788)  184 
SOI2858NRR R (PI88788)    23 
Williams 82 (S)  175 
Modern resistant variety response 218 
Modern susceptible variety response 391 
* Significant at the 0.05 probability level 
** Significant at the 0.01 probability level 
*** Significant at the 0.001 probability level 
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 Table 7. Analysis of variance for grain yield, seed number, seed mass, and plant height for five environments, soil fumigation 
and 23 soybean varieties.  
Source df Grain yield Seed number Seed mass Plant height 
  ___________________________________________________ Pr>F ___________________________________________________
Environment (E)  4 <0.001 <0.001 0.01 0.01 
Fumigation (F)
 
        
      
1 0.02 0.03 0.36 0.17
Variety (V) 22 <0.001 <0.001 <0.001 <0.001
E x V 88 <0.001 <0.001 <0.001 <0.001 
F x V 22 0.06 0.26 0.07 0.44 
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 Table 8. Single degree of freedom estimates between non-glyphosate-resistant and glyphosate-resistant varieties, between old 
and modern varieties, and between modern SCN-resistant and modern SCN-susceptible varieties averaged across soil 
fumigation for five environments in Iowa for grain yield, seed number, seed mass, and plant height. 
Variable  Estimate
Nevada 
(2005) 
Whiting 
(2005) 
Whiting 
(2006) 
Nevada 
(2006) 
De Witt 
(2006) 
  ________________________________________kg ha-1______________________________________
MNGR† vs. MGR       174         80      -279**     -359***    -141 
M vs. O    1267*** 1442*** 2042*** 1570*** 1365*** Grain yield 
MSCNR vs. MSCNS     323***       380**   683*** 1215***  654*** 
  
  
_______________________________________seeds m-2_____________________________________
MNGR vs. MGR    85**         28       -169**       -251***       -10 
M vs. O   814*** 1037***   1153***       980***      792*** Seed number 
MSCNR vs. MSCNS  308***   420***    562***       763***       443*** 
  _____________________________________g 100 seeds-1_________________________________
MNGR vs. MGR      -0.22 -0.22 -0.19 0.01 -0.31** 
M vs. O -0.12       -1.09***      0.54** 0.73***    0.66*** Seed mass 
MSCNR vs. MSCNS     -0.49**       -0.94***       -0.92*** 0.59***    -0.07 
____________________________________________cm________________________________________
MNGR vs. MGR    -12.9***    -12.5***          -7.4***  -9.1***   -12.8*** 
M vs. O      -4.3    -10.4***       -10.3***      -2.2 1.2 Plant height 
MSCNR vs. MSCNS    10.3***    8.7*        11.2***  15.5***     15.8*** 
* Significant at the 0.05 probability level 
** Significant at the 0.01 probability level 
*** Significant at the 0.001 probability level 
† Modern non-glyphosate resistant (MNGR), modern glyphosate resistant (MGR), modern (M), old (O), modern SCN susceptible 
(MSCNS), and modern SCN resistant (MSCNR).
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Figure 1. Grain yield, seed number, and seed mass for 23 varieties grown at a low yield field near Nevada, IA in 2006 (left) and 
at a high yield field near Whiting, IA, in 2005 (right). Vertical bars represent grain yield, closed circles represent seed number 
m-2, and open circles represent seed mass 500 g-1. Least significant differences for comparison are 451 and 655 kg ha-1 for 
grain yield, 323 and 417 seeds m-2 for seed number m-2, and 270 and 125 seeds for seeds 500 g-1 at Nevada and Whiting, 
respectively. 
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Figure 2. Grain yield response to changes in seed number and seed mass. Thin dashed lines are reference lines for known seed 
mass and the solid line is the regression for all the seed mass classes (yield = 1.62(x) - 40.8, R2=0.91). 
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Chapter 6. GRAIN YIELD IMPROVEMENT AND STABILITY FOR MODERN 
SOYBEAN VARIETIES IN THE MIDWEST 
A paper to be submitted to Crop Science 
Jason De Bruin and Palle Pedersen 
Abstract 
Variety selection is the most important management decision a grower makes to 
achieve higher soybean [Glycine Max (L.) Merr.] yield. Varieties available today contain 
many different disease resistance traits and increase the difficulty of matching a variety to a 
specific production environment. This experiment was conducted to evaluate variety traits 
important to achieving greater and more stable yields across multiple environments. Studies 
were established at three locations in Iowa in 2005 and 2006. The experimental design was a 
randomized complete block design in a split-plot arrangement. The main plot was soil 
fumigation and the split plot was 23 varieties that varied in year of release and disease and 
herbicide resistance traits. Yield reductions between environments for specific varieties 
ranged between 24 and 61%. Yield variability among environments was less for modern 
soybean cyst nematode (Heterodera glycines Ichinohe, SCN) resistant varieties. Old varieties 
produced yields 724 kg ha-1 greater than previous yield reports, indicating that production 
technology changes have contributed to yield increases. Modern SCN-resistant or modern 
SCN-susceptible varieties were compared to old, SCN-susceptible varieties to determine 
genetic gain. Yield gain was 12 kg ha-1 year-1 greater for SCN-resistant varieties. Genetic 
gain was similar for both high and low-yielding environments. Yield potential was greater for 
modern varieties but yield stability was similar to old varieties. There was no evidence of a 
negative relationship between yield and yield stability, as SCN-resistant varieties attained the 
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greatest yields and were the most stable across high and low yield environments. Soybean 
producers must continue to select and adopt modern varieties to increase yield, regardless of 
field conditions. However, once SCN is identified in a field, modern SCN-resistant varieties 
must be selected to increase yield and yield stability.  
Introduction 
The ideal soybean variety is one that achieves the greatest yield regardless of 
environmental conditions and attains that yield consistently across many environments. 
These types of varieties will be produced as genes that control plant productivity, tolerance to 
abiotic and biotic stress, and response to inputs are identified and integrated into breeding 
programs (Fasoula and Fasoula, 2002). Until that level of understanding exists, determination 
of environment by genotype interactions will remain important for variety selection. As 
Bradley et al. (1998) noted, testing for genotype by environment interaction has become 
increasingly important in seed production to ensure a variety will perform as expected 
regardless of environment.  
Varieties that produce large yields consistently across production environments 
would be preferred by soybean producers to minimize exposure to risk. The short time, often 
less than three years, that a variety is on the market limits data collection and information for 
variety selection. With limited information about genotype by environment interactions, 
producers attempt to choose a variety that will give both high yield and still protect from 
environmental instability and downward yield risk. Determination of variety characteristics 
that improve yield and stability may be of value for variety selection in the future. 
Soybean yield has continued to increase over time and is a function of both improved 
crop genetics and agronomic practices. In side-by-side comparisons, genetic gain was 
 165
estimated to be 19 to 23 kg ha-1 year-1 for varieties released prior to 1977 (Specht and 
Williams, 1984). More recent estimation of privately released lines indicates genetic gain is 
30 kg ha-1 year-1 (Specht et al., 1999) and today the yield potential of many modern varieties 
is greater than 6 720 kg ha-1 (Cooper, 2003). The influence of agronomic practices, such as 
early planting and use of narrow row spacing, has not been tested on populations of old and 
modern varieties, but changes in agronomic practices continue to increase crop yield relative 
to standard practices (see pp. 49 and 105).  
Average soybean yield of Iowa counties ranged between 2 822 and 4 086 kg ha-1 in 
2006 and represents the yield variability within the state (National Agricultural Statistics 
Service, 2007). This yield range can be attributed to factors such as soil type, fertility, 
soilborne pathogens, insect infestations, and agronomic practices. A problem in the north 
central United States soybean-producing regions is SCN (Workneh et al., 1999). This 
pathogen causes the greatest yield losses each year in Iowa, estimated at 872 787 and 1 222 
680 Mg during 2003 and 2004, respectively (Wrather and Koenning, 2006). Soybean cyst 
nematode has been identified in all but three Iowa counties as of 2006 
(http://www.isuscnvarietytrials.info/) (verified 4 Mar. 2007).  
More than 700 varieties with resistance to SCN are available on the market today 
(Greg Tylka, personal communication). When these varieties first became available there 
was evidence of a 5 to 10% yield reduction (Noel, 1986). There has been some hesitation by 
Iowa producers to use these varieties due to the perception that they have lower yield 
potential or “yield drag” associated with the resistance trait. When glyphosate resistant 
varieties appeared on the market, yields were lower than non-resistant varieties but this 
difference no longer exists (Raymer and Grey, 2003). Addition of a resistance trait can 
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become a metabolic cost to a variety and reduce the yield potential (Bergelson and 
Purrington, 1995), but resistance to Phytophthora root rot, caused by Phytophthora 
megasperma (Caviness, and Walters, 1971; Singh and Lambert, 1985), and soybean mosaic 
virus (Ross, 1977) did not reduce yield in the absence of the pathogen.  
 In the presence of SCN, plant resistance should improve yield and reduce 
environmental variability of a variety; however, in environments where SCN is not present, 
the resistant trait may come at a cost to yield. The goal of variety selection is to achieve 
maximum but also stable yields. Whether both of these goals are possible was addressed by 
Tollenaar and Lee (2002) when they determined that corn (Zea Mays L.) hybrids from 
record-setting yield trials had both high yield and yield stability. This data indicated that 
yield stability and high yield potential are not mutually exclusive. Studies in soybean have 
also determined that yield can be increased without reducing yield stability (Voldeng et al., 
1997; Wilcox et al., 1979). Neither of these studies addressed the contribution of resistance 
traits to yield potential and stability.  
Finlay and Wilkinson (1963) developed a method of analysis to determine variety 
stability where the average yield of a specific variety is regressed against the mean of all 
varieties for a specific environment. Regression coefficients greater than one indicate below-
average stability and adaptation to specific environments. Regression coefficients less than 
one indicate above-average stability and adaptation to unfavorable environments. Tollenaar 
and Lee (2002) termed varieties with slopes greater than one “race horses” and those with 
slopes less than one “work horses”. While this terminology is suitable, more commonly used 
terms to describe soybean varieties have been “offensive” and “defensive” varieties. 
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 Two studies have evaluated yield stability of various soybean varieties. Wilcox et al. 
(1979) determined that yield of modern varieties increased 25% but stability did not 
decrease. Evaluation of group 0, 00, and 000 maturity groups showed genetic yield increase 
for newer varieties with no reduction in stability (Voldeng et al., 1997). Most modern 
varieties contain glyphosate [N-(phosphonomethyl) glycine] and Phytophthora root and stem 
rot (Phytophthora sojae) resistance and some have additional resistance or tolerance traits to 
many pathogens, including SCN. The hypothesis for this work is that the addition of 
“defensive” traits such as SCN-resistance does not reduce yield potential but will improve 
yield stability, making these varieties better options for producers. The objective for this 
research is to determine yield stability and gain based on 23 varieties that range in year of 
release and resistance to glyphosate and SCN.  
Materials and Methods 
 Field research was conducted at three Iowa locations during 2005 and 2006. The three 
locations were near De Witt (eastern), Nevada (central), and Whiting (western). Soil type in 
De Witt is a well-drained fine-silty, mixed mesic, Typic Argiudolls. The Nevada location is a 
poorly drained fine-loamy, mixed mesic, Typic Halpludolls. Soil at Whiting is a well-
drained, fine-silty, mixed mesic, Typic Hapludolls. 
 The experiment established at these locations was a randomized complete block in a 
split-plot arrangement with four replications. The main plot was a single replication of soil 
fumigation and no soil fumigation. Soil fumigation was conducted by injecting Telone C-35 
(Dow Agro Sciences, Indianapolis, IN), a formulation of 1,3 dichloropropene (nematicide) 
and chloropicrin (fungicide and nematicide) applied at 199 kg a.i. ha-1 and 113 kg a.i. ha-1 at 
30 cm depth, respectively. The split plot was 23 varieties each with four replications in both 
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the fumigated and non-fumigated conditions. Varieties selected for this trial fit into four 
groups. There was a set of old (1938 to 1950) conventional varieties (Richland, Lincoln, 
Hawkeye, and Harosoy), mid (1950 to 1990) conventional varieties (Hardin and Williams 
82), modern conventional (Dwight, NE3001, IA2068, PB291N, S25J5, 2509CN), and 
modern glyphosate-resistant (P91M90, P92M91, AG2403, AG2901, S-2743-4, S-3012-4, 
SOI2642, SOI2858, NK-S32-G5, E2620RX, and E2811RX).  
 Planting occurred the last week of April, except at Nevada in 2005, which was 
planted the second week of May. This location was planted later than the others because soil 
fumigation was conducted in the spring due to poor conditions in fall of 2004. Plots were 
planted using an Almaco grain drill (Almaco, Nevada, IA) at a row spacing of 38 cm and a 
seeding rate of 432 400 seeds ha-1. All seeds were inoculated with Bradyrhizobium 
japonicum (EMD Crop BioScience, Brookfield, WI). Glyphosate was applied twice during 
the season at a rate of 865 g a.e. ha-1 to the glyphosate resistant varieties. The combination of 
acifluorfen [5-[2-chloro-4-(trifluoromethyl) phenoxy]-2-nitrobenzoic acid] at a rate of 0.3 kg 
a.i. ha-1 and sethoxydim [2-[1-(ethoxyimino) butyl]-5-[2-(ethylthio) propyl]-3-hydroxy-2-
cyclohexen-1-one] at a rate of 0.4 kg a.i. ha-1 was applied once to non-glyphosate resistant 
soybean cultivars. Plots were kept weed-free by hand-weeding during the rest of the growing 
season. Management practices to control insects were implemented as necessary throughout 
the season. More information on methods can be found on p. 134.  
 Data from De Witt, 2005, was excluded from the analysis due to herbicide carryover 
that severely damaged the plots. Five environments (year x location) were included in the 
analysis. This study was conducted in both fumigated and non-fumigated soil. Soil 
fumigation did increase grain yield (see p. 130), but this treatment did not have any affect on 
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genetic gain estimates or yield stability (based on individual analysis for fumigated and non-
fumigated conditions). To simplify the conclusions, data were analyzed averaged across soil 
fumigation. Stability analysis was conducted based on the method of Finlay and Wilkinson 
(1963). Environmental mean was plotted by variety means. Proc Reg in SAS (SAS Institute, 
2003) was used to determine the linear slope for each variety between the lowest and highest 
yielding environment. Coefficients were tested to determine if they differed from a value of 
one or if differences existed between coefficients for all varieties or groups. Genetic gain was 
determined by regressing grain yield by year of variety release. The approach taken was to 
first estimate the average gain over time by regressing grain yield for all varieties by year of 
release. The second approach was to estimate the contribution of improved varieties without 
a specific SCN-resistance trait. Grain yield for all SCN-susceptible varieties (old, mid, and 
modern) varieties was regressed by year of release. The final approach was to estimate the 
gain associated with the addition of the SCN resistance trait. For this estimate, the yield of 
old and mid SCN-susceptible varieties and modern SCN-resistant varieties (excluding 
modern SCN-susceptible varieties) was regressed by year of variety release. 
Results and Discussion 
Environment 
The maximum yield attained in a single plot was 6 638 kg ha-1 at Whiting using the 
variety E2811RX and the minimum yield attained was 401 kg ha-1 at Nevada using the 
variety NE3001. This range in grain yield encompasses the extreme differences that can be 
identified in the literature and indicates the environmental variability that producers 
experience. Varieties tested in this trial did not consistently respond to environments and 
there was a strong interaction between environments and varieties (P=0.001). No variety 
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performed equally across all environments (data not shown). All of the modern varieties, 
except NK-S32-G5 and S25J5 that are both susceptible to SCN, produced yields greater than 
the experiment mean of 3 997 kg ha-1 (Table 1). Old and mid conventional varieties produced 
yields less than the experiment average and in all environments yielded less than any of the 
modern varieties. 
A simple estimate of interactions between a variety (genotype) and environment is the 
percent change between the maximum and minimum yield for each variety across 
environments. Grain yield for each variety is listed in Table 1. The highest-yielding 
environment for all varieties was Whiting in 2005 and the lowest-yielding environment for 
all varieties was Nevada in 2006. The largest change in yield between environments was 
61% for Richland. E2620RX performed the most consistently and had the smallest change 
between environments at 24%. Yield of old and mid conventional varieties varied 58 and 
60% between environments, respectively. Variability among modern varieties was not as 
great and averaged 37%. The addition of SCN resistance to modern varieties reduced 
variability to 33% compared to susceptible varieties at 50%. Lack of consistency was 
expected, given the extreme environment and the set of variety differences. There are a large 
number of varieties on the market for maturity zones one, two, and three. Based on this 
experiment, growers are exposed to a large amount of yield variability even when modern 
varieties are selected.     
 Agronomic gain 
 The old set of varieties that were tested in this study were widely grown group two 
and group three varieties throughout the upper Midwest between 1940 and 1960. Richland 
was released in 1938. Lincoln was released in 1944 and during 1948-49 was planted on 33% 
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of all soybean acres in the United States (Meiss, 1953). Hawkeye was released in 1948 and in 
1951 and 1952 was planted on 25% of all soybean acres in the United States (Meiss, 1953). 
Harosoy was released in 1951 and replaced the variety Hawkeye as the dominant variety 
(Luedders, 1977). These varieties were tested during the years of 1944 to 1953 in the 
Midwest, with average yields between 1 908 and 2 184 kg ha-1 (Meiss, 1953). For reference, 
the average yield in Iowa during that time period was 1 426 kg ha-1 (National Agriculture 
Statistics Service, 2007). The average yields for these varieties grown in Iowa between 2005 
and 2006 were greater. In a low-yield environment, the average yield for these varieties was 
1 585 kg ha-1 (Table 1). In higher-yield environments, yields increased 41% to 3 075 kg ha-1 
(Table 1). Yield averages across the five environments indicated that the yield for each 
variety was greater than values reported in the literature. Meiss (1953) did not report any plot 
establishment information; however, typical production practices at that time were row 
spacing greater than 76 cm, row cultivation , reduced plant populations, and later planting 
dates. In this study, the varieties were planted the last week of April using 38 cm row 
spacing, 432 000 seeds ha-1, and no in-row cultivation. Yield differences with the same 
variety, averaged across a range of yield conditions, support the assessment by Specht and 
Williams (1984) that agronomic practices are adopted at a slower rate than genetic 
technology and that it is often agronomic practices that limit yield potential expression. 
Genetic gain 
Genetic gain has been achieved through crop breeding and has been estimated to 
range between 11.1 to 30.6 kg ha-1 year-1 for varieties in the 000 to IV maturity groups 
released between 1902 and 1999 (Luedders, 1977; Specht and Williams, 1984; Voldeng et 
al., 1997; Wilcox et al., 1979; Wilcox, 2001). Previous comparisons of genetic gain were 
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between non-glyphosate resistant varieties with no specific disease or herbicide resistance 
traits. Most varieties used in Iowa include glyphosate and Phytophthora resistant traits but 
approximately 45% of the varieties planted are resistant to SCN. There are two components 
that potentially contributed to genetic gain from an old, conventional, SCN susceptible 
variety and a modern, glyphosate, SCN resistant variety: 1) time of plant breeding and 
selection and 2) addition of resistance traits. In order to accurately determine the breeding 
progress over time these considerations must be made. 
The addition of glyphosate resistance has been shown to reduce yield by up to 5% 
(Elmore et al., 2001) or cause no significant yield changes (Raymer and Grey, 2003). In this 
study there were small yield difference between modern glyphosate-resistant and non-
glyphosate-resistant varieties (see p. 159). For this reason, no distinction was made between 
glyphosate and non-glyphosate resistant varieties. The average genetic gain including all 
varieties was 27.4 kg ha-1 year-1 and this estimation is in line with previous reports (Specht 
and Williams, 1984; Voldeng et al., 1997; Wilcox, 2001). Comparisons were made between 
old varieties and modern SCN-susceptible and between old varieties and modern SCN-
resistant varieties. Genetic gain was significantly greater for SCN-resistant varieties at 31 kg 
ha-1 year-1 than SCN susceptible varieties at 19 kg ha-1 year-1 (Figure 1). Resistance to SCN 
increased yield and thus increased the estimated genetic gain. It must be noted that these tests 
were all conducted in the presence of SCN. Even though at Whiting in 2005 population 
densities ranged between 30 and 150 eggs 100-cm-3, this was still above damage threshold 
(Niblack et al., 1992). As indicated by Evans and Fisher (1999), genetic gains can be inflated 
by genetic resistance to biotic stresses due to better resistance since older varieties were not 
selected in the presence of this pathogen. Addition of a defensive trait to a variety reduces 
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stress, allowing greater expression of genetic yield potential. As larger trials are established 
in the future to estimate genetic gain, variety resistant traits must be considered in these 
estimations.  
 Specht et al. (1999) raised the question of whether genetic gain would increase or be 
zero in a record-setting yield environment. Studies in the United States have always 
documented genetic gain over time for all varieties evaluated (Specht et al., 1999). However, 
when a group of varieties were evaluated in a high yield environment in Argentina, there was 
no genetic gain between old and modern varieties (Salado-Navarro et al., 1993). The 
locations used in this study had different yield potentials and provided the opportunity to test 
this proposed theory. When genetic gain was determined based on all varieties either at 
Whiting (high yield) or Nevada (low yield) for two years, the genetic gain was not 
significantly different (P=0.3) (Figure 1). In high yield environments with limited amounts of 
crop stress, modern varieties continued to perform better than older varieties and genetic the 
gain was similar to previous reports for modern varieties (Specht et al., 1999). A question of 
interest was whether resistance traits present a cost to the plant and reduce yield in low stress 
environments. There was no indication that at the high yield, low SCN population density 
site (Whiting) the addition of the SCN resistance trait was a metabolic cost to the modern 
varieties, as genetic gain was estimated at 33.9 vs. 24.5 kg ha-1 year-1 for the SCN-resistant 
and SCN-susceptible varieties (data not shown).   
Yield stability 
The modern varieties (conventional and glyphosate resistant) were grouped based on 
regression coefficients of less than one and greater than one. Eleven varieties had slopes 
greater than one and 11 varieties had slopes less than one. One variety had a slope equal to 
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one, indicating the yields for this variety fit the environmental means. AG2403 had a slope of 
1.57 and was significantly greater than one, classifying it as a “race horse” or “offensive” 
variety (Table 1). The other extreme was E2620RX, which has a slope of 0.49, classifying it 
as a “work horse” or “defensive” variety.  This value was significantly different from a slope 
of one at P=0.06.  
Comparison of modern glyphosate-resistant and conventional varieties to old 
conventional varieties identified that the stability of these varieties was identical to regression 
estimates of 0.97 and 0.96, respectively (Figure 2). The yield potential of the modern group 
of varieties was consistently superior to the old varieties, but there was no yield stability 
sacrificed to achieve the greater yield potential.  
More and more varieties on the market today carry genetic resistance to SCN. In this 
study, the most common sources of resistance (PI88788, Peking, and PI437654) were 
represented. The smallest regression coefficients in this study were for E2620RX at 0.49 and 
for E2811RX at 0.56. Both of these varieties contained PI437654 SCN resistance. Varieties 
with PI88788 and Peking resistance had coefficients that were all equal to one with the 
greatest coefficient of 1.19 (Dwight) (Table 1). Varieties that were susceptible to SCN all had 
greater regression coefficients, classifying them as “race horse” varieties (Table 1). Grouping 
modern resistant and susceptible varieties indicated that the regression coefficient for 
resistant varieties was 0.87 but increased significantly to 1.24 (P<0.001) for susceptible 
varieties (Figure 3). In low yielding environments, SCN-resistant varieties produced yields 
that averaged 3 500 kg ha-1, whereas susceptible varieties yielded approximately 2 500 kg ha-
1 less (Figure 3). The slope of the two lines indicated that, as the environmental mean yield 
increased beyond 5 400 kg ha-1, the yield of susceptible varieties would surpass those of 
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resistant varieties. This would imply that in high yield environments there is a cost for SCN 
resistance. However, the highest environmental mean in this study was 4 885 kg ha-1, more 
than 1 500 kg ha-1 greater than the state average in 2006 (National Agriculture Statistics, 
2007). It is unlikely that environmental means greater than those achieved in this study can 
be reached on an annual basis.  
High yield and yield stability 
Graphing the regression coefficient by environmental yield for each variety identified 
three different groups. No statistical evidence is provided for the inclusion of varieties in 
specific groups; rather, grouping is based on known variety traits. Group 1 is the set of 
varieties that produce low yields with average stability. These were all old varieties. Group 2 
varieties have less yield stability but produce yields close to the experiment mean. Group 3 is 
a set of varieties that are stable (coefficients <1) but are also able to produce above-average 
yields (Figure 4). All of the varieties that fall into group 3 are SCN-resistant varieties. This 
analysis of yield and yield stability indicates that varieties can produce both high and stable 
yields. The data presented here agrees with the ability of high-yielding corn hybrids to also 
produce stable yields (Tollenaar and Lee, 2002). There is also good evidence that the 
addition of SCN resistance to a variety provides a benefit by increasing yield potential and 
stability across various environments. Taking into account the presence of SCN in almost all 
Iowa counties and the increased stability for SCN-resistant varieties, producers in Iowa can 
minimize their risk significantly by selecting SCN-resistant varieties, even at low levels of 
SCN. 
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Conclusions 
Soybean grain yields have increased over time and varieties planted today have a 
yield potential superior to older varieties, regardless of resistant traits. Yield increases over 
time have come from both genetic and agronomic improvement. Of special importance 
appears to be the addition of disease resistance traits, such as resistance to SCN, through 
plant breeding. Specific modern varieties, mostly “race horse” varieties with few defensive 
traits, are less stable than other modern varieties with resistance to SCN. The addition of 
resistance to SCN improves yield stability significantly. Resistance to SCN gives two 
advantages to the producer. The primary benefit is greater yields and a secondary benefit is 
the greater yield stability. Selection of these varieties limits a producer’s exposure to 
downward yield risk. These experiments confirm that high yields can be achieved along with 
improved yield stability and that the terms “defensive” and “offensive” do not adequately 
describe a variety, as modern SCN-resistant varieties appear to offer both traits. Through 
evaluation of multi-location variety trial data, it was concluded that producers in Iowa can 
minimize yield risk and increase the probability of maximizing grain yield by selecting 
varieties with SCN resistance.   
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Table 1. Regression coefficients (b1), maximum, minimum, and average grain yield for 
23 varieties grown at five environments in Iowa during 2005 and 2006. 
*** Significantly different at P≤0.001 
  Environment   
Variety (V) 
SCN 
reaction 
Nevada,  
2005 
 Whiting,  
2005 
De Witt,  
2006 
 Nevada,  
2006 
Whiting,  
2006 B1 S.E.† 
  kg ha-1   
Old, non-glyphosate resistant 
(1938 to 1951)        
Richland S 3080 4179 2838 1623 3106 1.13 0.14 
Harosoy S 3135 3825 2777 1570 2876 1.00 0.16 
Lincoln S 3299 3432 2883 1555 2765 0.85 0.24 
Hawkeye S 2787 3638 2872 1592 2679 0.87 0.18 
Mid, non-glyphosate resistant 
(1980’s)        
Williams 82 S 3244 3360 2812 1287 2331 0.98 0.37 
Hardin S 3853 5019 3565 2265 4064 1.25 0.09 
Modern, non-glyphosate 
resistant (>1997)        
NE3001 S 4309 4626 3122 1707 3902 1.39 0.29 
Dwight R (PI88788) 4773 5442 4235 2915 4812 1.19 0.11 
IA2068 R (PI88788) 4807 5869 5025 3957 5869 0.84 0.23 
PB291N R (PI88788) 4312 5420 4927 3360 4846 0.93 0.21 
S25J5 S 4096 4937 3591 2290 4048 1.21 0.12 
2509CN R (PI88788) 4435 5646 3800 3277 4831 1.10 0.22 
Modern glyphosate resistant 
(>2000)        
NK-S32-G5 S 3831 4414 3870 2322 4328 1.03 0.15 
P91M90 R (Peking) 3936 5239 4063 2961 5036 1.11 0.19 
SOI2858 R (PI88788) 4477 5352 4582 3737 5352 0.81 0.16 
E2620RX R (PI437654) 4766 5328 4625 4290 5328 0.49 0.13 
SOI2642 R (PI88788) 4343 4974 4383 3521 4884 0.72 0.09 
AG2801 R (PI88788) 4442 5575 4939 3639 5575 0.95 0.23 
AG2403 S 4008 5441 3848 2135 4788 1.57 0.07 
S-3012-4 R (PI88788) 4428 5365 4198 3771 5122 0.78 0.17 
S-2743-4 S 4179 5221 4107 2949 4921 1.10 0.10 
P92M91 S 4378 5153 4170 2791 4753 1.13 0.06 
E2811RX R (PI437654) 4307 5128 4056 3973 4883 0.56 0.19 
Average  3928 5199 3882 3281 4396   
LSD (0.05)  524 688 485 496 442   
E x V (LSD (0.05) 545***   
† Standard error of the regression coefficient B1
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Table 2. Yield of old varieties based on yield trial information published in 1953 
compared to yield trial from five environments in Iowa during 2005 and 2006. 
Variety  Yield trial data‡ 
Average yield across five 
environments in Iowa  
Technology gain 
since 1953  
 ______________________kg ha-1________________________ kg ha-1 year-1
Richland (1938) † 1908 (1945-51)§ 2965 19.9 
Harosoy (1951) 2184 (1945-53 2837 12.3 
Lincoln (1944) 2171 (1944-51) 2787 11.6 
Hawkeye (1948) 2143 (1945-53) 2714 10.8 
† Variety year of release 
‡ Yield data reported from regional yield trials and reported in (Meiss, 1953). 
§ Years that the variety was tested in regional trials.
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All varieties B1 = 27.4 ± 8.6 SCN susceptible B1 = 19.0 ± 8.7 
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SCN resistant B1 = 31.2 ± 8.4 High yield B1 = 29.6 ± 7.4 
Low yield B1 = 23.8 ± 8.4 
 
Figure 1. Yearly genetic gain ± 95% confidence interval. Top left: average yearly genetic 
gain for all varieties tested. Top right: average yearly genetic gain between old, mid, and 
modern SCN susceptible varieties. Bottom left: yearly genetic gain between old, mid, and 
SCN resistant varieties. Bottom right: yearly genetic gain between all varieties tested in a 
high yield (Whiting) and low yield (Nevada) environment. 
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Figure 2. Stability analysis of modern and old varieties. Values followed by the same letter 
are not significantly different at P≤0.05. 
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○ Resistant b1 = 0.87b 
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Figure 3. Stability analysis of modern SCN resistant and modern SCN susceptible varieties. 
Values followed by the same letter are not significantly different at P≤0.05.  
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Figure 4. Regression coefficients plotted against the average environmental means for 23 
varieties grown at five environments in Iowa during 2005 and 2006. Group 1 is varieties 
with low yield and average stability. Group 2 is varieties with average yield and low 
stability. Group 3 is varieties with high yield and high stability. 
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Chapter 7. GENERAL CONCLUSIONS 
General Discussion 
 The general problem posed in Chapter 1 was that soybean yield had increased very little 
within the last ten years and had not matched the expectations of soybean producers in the state 
of Iowa. A detailed review of the literature indicated that the genetic yield potential of soybean 
was much higher than yields realized in the field each year. The two general hypotheses outlined 
for this research were that i) the agronomic decisions planting date, row spacing, seeding rate, 
and variety selection influence yield and ii) soilborne pathogens stress plants, limit yield, and 
negatively influence agronomic decisions.  
 This work clearly indicated that soilborne pathogens reduced yield. Small changes in 
SCN populations resulted in significant yield increases. Reduction in SCN populations positively 
benefited both SCN-resistant and susceptible varieties pointing to the fact that no variety is 
immune to soil pathogens. It was also evident that soilborne pathogens have a more negative 
effect at early planting dates. Early planting set a high yield potential for all varieties but soil 
fumigation, resulting in the removal of at least some plant stress, further increased that yield 
potential. At later planting dates this was no longer the case as yield potential was similar for 
fumigated and non-fumigated conditions. Soil fumigation was a good tool to manipulate 
soilborne pathogens at the research level but is not practical at the field level. The best option for 
producers is to select specific varieties that are high-yielding and have been tested in conditions 
that have similar soilborne pathogen populations. Variety selection and crop rotation will 
continue to be the best options for growers to manage soilborne pathogens and the negative 
influence they pose to increasing yield. 
 187
 Iowa has been a leader in soybean production for many years, but many of the 
recommendations that exist today are not optimal for maximizing yield. Previous to this work, if 
soybean was planted by 15-May it was assumed to still have maximum yield potential. This 
research proved that was not the case anymore, and producers could increase yield if planting 
began the last week of April and completed the first week of May. The current situation in Iowa 
is that approximately 50% of the soybean area (2.1 million ha) is planted in 76-cm row spacing. 
On average, the yield increase for narrow row spacing was 302 kg ha-1, equating to a 139 million 
dollar revenue increase for the state if narrow row production is adopted. A seeding rate of 308 
900 seeds ha-1 was identified as the optimal economic seeding rate. The average seeding rate 
currently used in the state is 440 600 seeds ha-1. Adopting these lower seeding rates could reduce 
production costs by $33 ha-1. Variety selection was the most critical component for improving 
crop yield. Several modern varieties were tested, and yield differences ranged between 1 209 kg 
ha-1 in a high yield environment and 2 150 kg ha-1 in a low yield environment. Selecting the right 
variety for a specific environment will improve yield and profitability. The two studies that 
evaluated different varieties strongly supported the conclusion that when SCN is present within 
an environment, even at very low population densities, resistant varieties must be selected to 
minimize yield loss. Producers can gain a significant yield increase if the variety they plant in a 
field is selected based on field history and knowledge of soilborne pathogens.  
 In the upcoming 2007 production year, there is projected to be 15 to 25% fewer soybean 
acres planted in the state of Iowa due to the increased planting of corn for ethanol production. 
Production in the state will potentially drop to 3.5 million ha and crop size may be reduced by 5 
140 million kg ha-1 based on average state yield. Market demand is projected to remain high for 
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the coming year. Implementing the production practices outlined in this dissertation will help 
offset the loss of production by increasing the productivity for each hectare planted to soybean.  
Recommendation for future research 
 This research has laid the ground work for future research. A question that was not well 
addressed in this dissertation was the question concerning maturity group selection for early 
planting dates. The typical maturity groups planted in Iowa are group I and II in northern and 
central Iowa and group III in southern Iowa. Future research should determine if longer or 
shorter season maturity groups need to be selected for early planting dates. An important aspect 
identified in this research was the critical periods of yield formation. Early planting caused plants 
to flower earlier in the season and then modified the length of time that plants were in specific 
reproductive phases. How important the lengths of these phases were for achieving high yields 
was not documented in this work. The length of these phases can be manipulated through 
changes in planting date and maturity group selection and could help producers increase yield. A 
second aspect is the issue of variety selection in a narrow-row production system. Narrow rows 
increase yield largely by improving early season canopy development and increasing light 
interception, which drive crop growth rate. Soilborne pathogens, specifically SCN, SDS, and 
BSR, reduce canopy development and may reduce the benefit of narrow rows. The specific 
question that needs to be addressed is whether variety selection mediates the positive response to 
narrow row spacing.      
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